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ABSTRACT

The description of human pilot dynamic characteristics in
mathematlcal temms compatible with flight control engilneering
practice 1s an essential prerequisite to the analytical treat-
ment of menual vehicular control systems. The enormously
adeptive nature of the human pilot makes such a description
excecdingly difficult to obtain, although a quasi-linear model
with parameters which very with the system task varisbles has
been successfully epplied to many flight situations. The
primary purposes of the experimental series reported are the
velidation of an existing quasi-linear pilot model, and the
extension of this model in accuracy and detail.

To this end the influences of controlled-element dynamics
and system forcing function characteristics on the pilot's
dynamic characteristice are investigated using a five-stage
process: (1) Pre-experiment analyses are conducted using the
exlisting model to predict the outcome of experiments which arve
especlally contrived to exercise the model to its limits;

(2) controlled-element dynamics which are both crucial task
variables (per the pre-experiment anelyses) and idealizations
of alreraft, booster, and gpace vehicle dynamics are delineated;
(3) describing function and remnant measurements are teken in
an extensive experimental program involving eight different
controlled element forme and three forcing functions;

(4) analytical sbetractione of the data are made by rurve-
fitting procedures; (5) variations in the pilot's ch. .acter-
istics due to ccntrolled element and/or forcing function
changes are described in terme of the parsmeters of the curve
fits. The outcome of this process 1s a substantlally refined
and extended adaptive and optimalizing model of humen pilot
dynamic characteristics. Models corresponding to three levels
of precision and complexity are developed, the several aspects .
of pilots! adaptation to controlled element and forcing func- ;
tion changes are detailed, the selectlve variabllity neture of :
human pllot dynamics is presented, key remnant sources are dis- ;
covered, and many other aspects of human pilot dynamics are
treated with a combined experimental-analyticel spproach.
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FOREWORD

The investigatione reported here are an element in a U. S. Air Force
research proftram to explare and exploit the anncent that vehicle dmamic
handling qualities are, to a large extent, dependent on the aection of -
the pilot as a control element in the pllot~vehicle closed-loop systeum.
In thic concept, control analysis technigues and pilot dymamic response
modele are used in the study and optimization of man-vehicle systems. £
Such procedures promise to g.eatly enhance the processes involved in the H
design of manned vehilcles. @
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This report documents an analytical and experimental investigation
of human pilot dynamics sccomplished under Contract AF 33(616)-7501,
Project No. 8219, Task No. 821905, sponscred by the Flight Control Divi-
slon of the Air Force Flight Dynamics laboratory. The research wes per-
formed by Systems Technology, Inc., at both its Hawthorne, California,
and Princeton, New Jersey, offices, and, under subcontract, by The
Frunklin Institute Iaboratories for Research and Development, Philadelphia,
Pennsylvanis. The project principal investigators were D. T. McRuer and
D. Graham, of STI, end E. 8. Krendel, of FIL. The Flight Control Division
project engineer through most of the program was R. J. Wasicko, succeeded
in the last phases by R. H. Smith and P. E. Pletrzak.

As in most team efforts, many have contributed to the results reported
here. The major contributors, who all participated in the analytical,
planning, experimental execution, data interpretation, and reporting
phases, are listed as authors. An indispensable portion of the program,
the deslgn and development of analysis apparatus, was accomplished meticu-
lously by R. A. Pctere and K. A. Ferrick of STI. Important contributions;
were also made by R. J. Wasicko 1ln experimental planning, and by R. E.
Magduleno of STI in the interpretation of the results. Speclal mentilon
and thanks are due: R. P. Harper, Jr., of Cornell Aeronautical Iaboratory;
G. E. Cooper, of Ames Research Center, NASA; and Lt. Comdrs. M. Johnson and
T. Kastner, Capt. B. Baker, and Lts. G. Augustine, F. Hoerner, and J. Tibbs,
of the Navel Air Test Center, Patuxent River, Maryland, for their interest
and assistance as subJects. The authors would also llke to thank thelr
co-workers Diana Fackenthel, 8. H. Greene, and M. M. Sclow, of FIL, for
their contributions to running the experiments, reducing the data and
assisting in its analysis; and H. B. Grudberg, A, V. Phatak, and D. B.
McElwain, of STI, for their essistance in pre-experiment predictions,
and/or postexperiment date analysis and interpretation. Acknowledgment ie
due to Boll Beranek and Newmsnh, Inc., of Cambridge, Massachusetis, for the
amplitude distribution data processing antl some goodness of fit analyses.
Finally, the report has been substantially improved by the incorporatlon
of many suggestions due to the extremely careful review by R. O. Anderson,
P. E. Pletrzak, and R. J. Woodcock of FDCC.

This technleal report hae heen reviewed and ia appr~ .

: 4

W, A, SLOAN,Jpl ‘
Colonel, USA i
Chief, Flight Control Division ;
AF Flight Dynamics Laboratory
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i(t) Foreing function time function

» I(gw) Pourier transform of foreing function

: Jo Imginary part of the complex variable, 8 = ¢ * juw
E k Exponent
g K Open-loop gain
K, Controlled element gain
Ke gg?::ol sensitlvity — inches signal derlection (on display)/stick

Humen pilot gmin

Control sensitivity — inches (diaplay)/stick motion
Gain of indifference threshold describing function

Integer
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m(t)

M(Je)

r.;db

ne(t)

Ne(Jw)
04
o( )

System output time function

Integer

Fourier transform of system output

Integer

Mean-squared remnant,é%ut:” °nn aw

Operator remmant time function

Number of subjects

Fourler transform of operator remnant

Number of observed memsurements in a category

Order of ( )

Significance level

Output amplitude distribution (firet probability density function)
Error auwplitude distribition (first probability density function)
Autocorrelation of a general time signal x(t)

Complex variable, &8 m o + jw; Laplace transform variable

Time |

Time constant
General lag time constant of human pilot describing function

Lead and lag tlme constants ir precision model of human pilot
describing function

General lag and lead time constants

General lead time constant of human pilot describing function

First-order lag time constant approximation of the neuromuscular
system

First-order lag time constant of the neuromuscular system
Run length

Standard score

Retlo of estanderd deviations
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A general time gignal
Mean-squared value of x(t);
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Transfer function

Controlled element (machine and display) transfer function

Pilot describing function

Iovw frequency phase approximation parameter
1/Tyue for Yo = Koj 1/Tpme for Yo = Ko/ (J0)2
Dirmc delta function

Damping retio

Closefi-loop damping ratio

Darnping ratio of second-order component of the neuromuscular
systen

forralation coerricient, |010|/VY¥110%c, |01el/V¥iitee

Otml/ V110
Relative remnant at pllot's output, Y1 - E/::?
Standard deviation
Standard deviation of pilot output, o(t)
Standard deviation of error signal, e(t)

rme value of the forcing function

Standard deviation of [Yply, or & Yp st uy

rmes value of input to the indifference threshold
Standard deviation of the general time signal x(t)
Pure time delay

Incremental time delay

Effective time delay
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Effective time delay for zero forcing function bandwidth,

Te = _ﬂ./pl_l_hu

Effective time delay for zeroc foroing function bandwidth when
W 18 constent, To = n/2M

Phese angle ' c

Incrementsl low frequency phase angle

Phase mergin

Peak smplitude of & sinusoidal component of c(t) at frequency ay,
Peak amplitude of e sinusocidal coﬁponent of 1(t) at frequency uy
Peak amplitude of a sinusoidal component of x(t) at frequency wy

Closed-loop remnant power spectral density, specifically a
continyous density, at pilot's output

Open-loop remnant power spectral density, specifically a
continuous density, at pilot'e output

Open-loop remnant power spectral density, specifically e
continuous density, at system error

Continuous component of power spectral density of x(t)
Pilot's cutput power spectral density

Error power spectral density

Cross power apectrsl density between e and ¢

Croos power spectral density between i and ¢

Cross power spectral density betwedn 1 and e

Foreing function power spectral density

Bystem output power spsctral density

Closed-loop remmant spectral density, at pilot's cutput

Tpen-loop Eenmant spectral density, at pilot's output,
1 + YPYQ' Qm

Open=loop gemnant uBeotral density, at system error,
1+ YpYe|®0nn/[ Yy
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,‘ Oxx Power spectral density of the general time signal x(t) composed
[ of o reandem component and M ainusoids

M
QW) = Pylw) + ); 2 (o) 8 {w= yp)
N

|
E
F X Chi-gsquared distribution variable
t X Mean wvalue of ¥
‘: ¥ Phase angle
W Angular frequency, rad/sec
Wyg Undamped natural frequency for a critically damped mode
W System crossover frequency, l.e., frequency at which |Ych| =1
a7l Effective bandwidth of the spectral and cross-spectral analyzer

|
i
(0.141 rad/sec for processing of lower forcing function frequen- I‘
cies; 0.628 rad/sec for high frequencies) '
|
{

Ly Incremental crossover Irequency

By Average crossover frequency

Weq System crossover frequency for zero forecing functlon bandwidth i
Wt A closed-loop inverse time constant
awy Foreing function bandwidth - 2 f
wy Effective“bandwidth of forcing function, [f° Qudw] '

© j;w (011) aw

Wy Unda.xgped natural frequency
tn Frequency of forclng functiuvn sinusoidal component
ay Undamped matural frequency of second-order part of the neuro-
muscular system »
wy Bampler frequency |
Wy Crossover frequency for neutral stability
- Approximately egqual to
\ 4 Angle of } '
3 av Decibels; 10 logq s if & power quantity, e.g., spectrum; ;
f 20 log1¢ if an amplitude quantity, e.g., Yp
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Magnitude
+

Mean value

!

*

Complex conjugate

Inches

"

Inverse laplace transform
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CRAPTER I
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INTRODUOTION

A, TROJACT BACKGROUND AND PURFOSE

i R RBIRH et

The effective use of manned flight vehicles has always requifed a
satisfactory metch-of vehicle characteristics (which include vehicle
dynamice, control meanipulator, display, etc.) with the human pilot's
| ‘ characteristics as & flight controller.

s

An agreesble mating is not
inherent in the design process, and the provisilen of proper vehicle

handling qualities has often posed serious probleme which the vehicle
system designer must solve.

Classically, bandling qualities concepts were based on engineering
knowledge of vehlcle characteristics, leavened by pilot opinion ratings.
The opinion ratings were subjective expressions of the over-all sulta-
bility of the manual control system consisting of the pilot and the
vehicle. A convenlent way to express the handling qualities wus as

catalogs of vehicle dynamic parameters glven as functions of pilot rat-
ings.

N

In spite of their reliance on the subtleties of subjective pllot
ratings, such catalogs of handling qualities characteristics havé been
evolved in the past, and will continue to be expanded in the future.

But, in & fundamental sense, these catalogs are only reports of specific
test, results — they fall to adequately explain the mutual interactions
between the pllot and the vehicle, and they are difficult, if not impos-
slble, to extrapolate to new situations and novel vehicle characteristics.

To achleve understanding and the capability to extrapolate reguires

a mathematical theory which can be used to explain old findings end to

predict new ones. For handling qualities a theory of this kind has been

in the process of construction, refinement, and successful application :

for some years. It is based on the methods of control engineering, and ;

treats the pilot~vehicle system as a closed-loop (in general, & multi- :

loop) entity. The sine qua non of the theory is a model of pilot dynamie

characteristics in a form suitable for application using relatively
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conventional control engineering techniques. Fur'bhef, the applico.tion.s j
to which the theory can, with confidence, be smployed is limited funda-
uentally by the level of pilot~model lknowledge.

An adequate dessription of a pilot's dynamic response charscteristics
is not easily obtained lLecause of the pllot's inherent adaptability and
oapacity for learning. Nevertheless, suitable experizental technigues

" lave been devised and employed in the past to provide & limited amount
of data., The quality of some of these date, however, has beoen open to
question because of real or imagined deficiencies and uncertainties in
the experimental task veriasbles and in the necessary analysis equipment
such as spectral and cross-spectral analyzers. In muny cases the
analyzer calibrations were tnsufficient to establish fully the accurscy
of the date reductlion methods (Rgf. 51). Furthermore, most experimenters
bad not made certain measurements which, 1t twmned out, were of cruclal
Inmportance in the context of pilot=vehicle control system analysis. In
spite of such lmperfections, the collation of ell the existing data,
expanded by ultra.consemtive extrapolations based only on the limited
high-reliabllity data, ylelded a data base Ifrom which a serviceable, but
incomplete, mathematical model was evolved (Refs. 28, 34— 36). The
extenelve use of this pilot dynamice model in handling qualities and
pllot—vehicle system analysis (Refs. 1-L4, 8, 11, 12, 17, 27, 33-36, 43,
kg, 55, 56, and 58) heightened the desire for, and increased the potential
importance of, a more complete understanding of the mathemetically describe:
able aspects of human dynamics in vehicle control systems. The nature of
desired improvements in the model was fundamentally one of degree rather
than kind, i.e., increased scope and precision. Such an expanded view
could not be evolved from existing data, which had been used in the con-
struction of the model; instead, new date were required. Fortunately, by ;
1960 eriough effort had heen devoted to model bullding end epplication to
glve a more definitive notion of how the dats were to be used. 'This, A
coupled with a very much better appreciation for the date reduction prob-
lem, made possible the plamning and initial execution of = research program [

© e e T

to meet the real needs.

[
Work on the project was initiated 1 July 1960, and almost two years : i
were cpent in the design, construction, and callbration of the data ] f
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reduction machines. The results of this effort have been repoited
elsewhere (Refs. 9, 10, 16, 44—46). Tests with humen operators were
initiated in May 1962, It is primarily to the task of recording and
Anterpreting the data from some of these. experimants that this report
is addresned. . .

The rrimary results desired from the prSQrum from s vehicle control
standpoint are, of course, better pilot models to use in handling quali-
ties and manual control system anslyses. Although not treated here, the
epplications of these models are expected to be far-reaching in the

future. One remson for this anticipatlon are the extenslve uses of the
much less precilse and more vague cirea 1960 model. For example, in the
references cited above thi!s model has been used to:

1. Estimate humen pllot and over-all pllot—vehicle
gystem dynamic response, stabllity, and average
ﬁ performance.—

‘ : 2. Determine barely controllable vehicle dynamics and
| : controllability boundaries.

3. Delineate those features of the vehlcle dynamics
which are most likely to affect the vehicle
handling qualities.

4. 1Indicate the type of additional system equalization
(to be achieved via the display, the manipulator,
or by vehicle mecdifications) desirsble to achieve
better pllot control -—as well as the effects on
the pilot characteristics of such modifications.

5. Find the maximum forcing function bandwidth com-
i patible with reasonable control action on the part
of the pilot.

T

The new models developed here are intended to be used for the same sorts
of things, but with far greater confidence and considersbly better pre-
eision. The refined models are expected to be very useful in other ways
slso. For example, the characteristics of the human pilot's "actuator"
and "sensor" dynamice, which were previously lumped into a mid-frequency
approximetion to lower and higher frequency effects, are distinetly
reflected in the new date and models. This new knowledge should have
significent impact both on the content and nature of the information
displayed t¢ the pilot and on the design of the manipulative devices
with which the pilot imparts his desires to the vehicle.




3. OUTLINE OF MM REPORT

As noted above, the major purpesc of the sxperimental progiai Lu be
discussed here was to provide data for the extension and validaticn of the
existing pilot model. Therefore a necessary preliminary is to consider the
status of the mathemtical model of the human operator at the time the
experiments were planned. This is accomplished in the next chapter, which
comprises a statement of the best that was known about human operator
behavior in compensatory tracking in 1960 together with a discussion of °
those areas in which specific knowledge of operator behavior and its
measurement was either totally lacking or substantially incomplete,
Previous knowledge of humen cperator behavior in compensatory tracking is
sumarized in the first sectlon of Chapter II entitled "The Analytical-
Verbal Model," while the discuseion of what it appeared necessary to find
out follows in e treatment entitled "ObJects of the Experiments.”

A major part of the plan for the model validation aspects was to make
analytical predictions of human cperator performance in compensatory
tracking and then to observe whether or not these predictions could be
confirmed with experimental results. To thie end the analytical—verbal
model, reviewed in Chapter II, is bravely put to use in Chepter III.
Although it was recognized 'ﬁhat additional data were clearly required to
substantiate some of the conjectures on which the model was founded,
predictions critical to model validity were made which could later be
compared with experimentel results. These pre-experiment analyses also
provide excellent concrete examples of the techniques involved in
applying the human pilot models.

The really essential portion of this program is exper:l._m@ntal, for the
potential of all existing data as sources for model buildin~ and elaboration

had been exhausted. DPast experimental efforts have se! .. -, . - rthy
examples of precision. In the new experimental serir . - ~->- . - lmpure
tant desired feature was the provision of supplement - . -~ : idon
techniques and methodc which would maximige flexibilit, - ° ' .uize the
chances of experimental error. The apperstus was desig malce these

objectives feasible, but changing feasibility to actual. . requires excepe
tional experimental aund data reduction procedures whir .lmost amount to

N
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trade secrete. Bome of these are described in Chapter IV, together with
a description of the experimental and anslyticel apparatus.

The experimental. objectives of Chapter II plus the pre-experiment
snolyses of Chapter III lead directly to a desired experimental program
plan. An outline of this progrem is presented in the first section of
Chapter V.

Chapters V and VI present the experimental data— describing functions
in Chapter V and repmants in Chapter VI. The datd are eggregated in vari=-
ous ways to illustrate the gross and detalled effects of changes in the
foreing function and controlled element task varisbles. Other aggregations
are used to illustrate the effects of intra- and intersubject varlations.
The describing function chapter also includes statistical treatments of
certain major conclusions. A special feature of the remmant dlscussion is
a presentation of data whinh indicate the likely wsjor remnant source, as
well as data tending to indicate what the remnant is not.

Chapter VII ie devoted to detailed analyses of the data and to the
development ¢of interpretations and rationalizations. In extending the

existing analytical—verbal model it is concluded that, by and large,

the hypotheses and extrapolations made from the limited date previously
available were generally correct, and reasonably explained. Further,
the updated models developed here, which subsume the old model and con-
form to the new data as well, ansver many other questions concerning
human behavior. These models are of three levels of precision. The
first is relatively crude, and is intended for use in the region of
crossover only. The second is sufficiently precise to be suitable for

‘most handling qualities analyses, which primarily emphesize vehicle

dynamics, including those involving statically unstable vehicles.
Finelly, the third is a precision model which is capable of representing
the high and very low frequency actuator and sensor dynamic characteris-
ties of the human pilot. Thus, the three models provide a range of com-
plexity and utility which is analogous to the seversl degrees of model
complexity used in ordinary automatlc pilot design.

Finally, Chapter VIII summarizes the general conclueions and findings
of the study.
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0. A GUIDE FOR THE XEADER

Because thls is a very long report, with mny involutions, it is
appropriate to give some words of advice for resders with various
:Lnter“ts. For the casual reader, this introduction and the genersl
sumary of Chapter VIII gilve the glet of the effort. If just a bit
more 18 desired, add Chapter II,

The applications-oriented engineer should staft with Chapter II,
Section A , for a review of the existing model, followed by Chapter V,
Section A for the experimental plan outline and Section D for the grand-
average describing function data, and then on to Chapter VIII for the
general summary of results. He will then probably wish to absorb more
detalls on the new models, as developed in Chapter VII, and may degire
to examine the pre-experimental analyses of Chapter III as concrete

exsmples of applications.

Those who are interested primarily in data can proceed directly to
Chapters V and VI, although the experimentalist will also wish to cover

Chapter IV. ;
The model builders can turn directly to Chapter VII, and, if they

have models to test against the realities of dsta, to Chapters V and VI.

Finally, for the resder who is interested in the entire effort the
way is directly through the report as laid out, although many of the
details can be sloughed cver lightly on & firet reading. These diligent
souls have both the authors' sympathy and blessings!

[
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CEAPFTER II
FIIOT MODEL SUMMARY AND EXPERIMENTAL OIECTIVIS

A. THE AXALYTICAL-VERBAL MODEL
1. Genersl Nature of the Model

The primary objective of most of the past experimental and anslytical
programs to develop mathematical deseriptions for pilot response charac-
teristica has been to achieve reasonable descriptions of the pilot as a
component in engineering systeme. Major efforts in model bullding have
thus been placed on the evolution of models which can predict pilot
dynamic responseé chamc-l-:,eris'bics of engineering significance, but which
are otherwise of minimim analytical complexity. Buch models are condsp-
tual desoriptions of the human. They are intended to exhibit analogous
cause~and-effect behavior mather than to be analogs in any structural
sense, The models are valid to the extent that their behavioral proper-
ties resemble the performance of the actual human operatnr. They gain in
scope and descriptive power 1f certalin of their features can also be
identified structurally, although they cannot be rejected because of any
failure to satisfy this desirable quality.

As a control component the human exhibits a bewildering variety of
nonlinear and time-varying behavior. Table I lists some of these. An
appropriate type of engineer mthematical description for nonlinear
control elements of thie nature is some kind of quasi-linear system.
This is an equivalent systen in which the relationships bhetween aoue,
but not_ necessarily all, pertinent measures of system input and outpub
signals have "linear=like" festures for fixed input conditions in spite
of the presence of nonlineasr elements.

The Quasi-linear system concept originally evolved from the
observation thet a great many nonlinear systems have responses to
specific inputs which appear similar to responses of equivalent linear

R CARTEANE 1
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1. Adaptation and lLearning

The adaptive human responds to changes in external environment
by moditying charescteristics ao as to improve performence over that
which would be achieved if the characteristics used in the originsl
environment were maintained in the new one.

The jlearning human, after operating experience in e given

external environment, modifies charscteristics to achleve better
performance than previously exhibited in the given environment.

2. Bet Changes

"Set" characterizes the temporary operating points or baseline
conditions of the human subsystems involved in the control tasks.
Changes in these internmal conditions facilitate a certain more-or-
less specific type of activity or response in the adaptation and
learning processes. Set changes include:

Internal system topography changes, l.e., use of different féed-
back and feedforward paths

Variation in steady=-state muscle tension
Variation in force ranges
Variation in indifference threshold
3« Beries Nonlinearities
l Sensory thresholds
Maximum force and displacement limits

4, Fluctuations in Attentich, Motivation, Etc.; General Drifting of
Charecteristios '
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systems to the same specific inputs.” For such combinations of spacific
inputs and nonlinear systems, the response of the nonlinear system can be
divided into two parts-— one component which corresponds to the response of
the equivalent linear element driven by the particuler inpub, and an addi-
tional quantity which represents the differsnce between the output of the
actual nonlinear system and the equivalent linear element. This second compo-
nent is called the "remnant" because it is left over trom the porticn of the
system response representable by a linear element. Quasi-linear equivalents to :
the nonlinear syetem, for the specific input of interest, are characterized !
mathematically by a describing function (which is the equivalent linear i
element) and the remnant. An essential feature is that the quasi-linear A
gystem has a response to the input in question identlcal to thet of the
original nonlinear system, 80 the quasi-linear system is an exact cause—
effect representation of the nonlinear system for the specific kinds of
inputs and responses considered. When the inputs are changed, the quasi-
linear medel also changes. If the device were such that lts quasi-linear
system remsined the same for all kinds of foreing functions, and if, further,
] the remnant were zero, then the system would have a constant-coefficlent
linear nature. ?

The most common quasi-linear system element in engineering use is the
sinusoldul-input describing function, which is of such great value in
stabllity studles of nonlinear ser\icgechanisma. Here the action of the
describing function on & sinusoidal input results in an output which is
the fundamental of the output of the ao%gsl nonlinesr system. The remnant,
wvhich must be mdded to the output mndamehtal to achleve equivalence with
the nonlinear system, is made up of sll the higher harmonics resulting from
the passage of the sinusoid through the nonlihearity. Describing functions
can also be defined for trmnsient inputs, such as step functione, and for
random inputs, In principle the systems can be time~varying as well as
nonlinear. Randome-input quasi-linear systems representing ‘the human oper=
ator for certain conditione are the type pertinent to the operator data
treated here.

ST T T 2 T
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m texts on nonlinear control theory treat aspects of quasi-linear

systems. Chapterm 3—6 of Ref. 21 are especially pertinent as background
in the context of this report.
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8. Reviaw of Bvisting Quasi-TAneay System Dagnrihing
Junotion Plus Remnany Model for Single-loop Tasks

In terms of idemlizations, the simplest manuml control systen is that
shown in the blook diagram of Fig. 1. This is also the most ocommonly
occurring system structure in practical menual control systems-— either
as a total system by itgelf or as a component part of a more complex
multiloop system. To control engineers, this ie & single-loop feedback
system (except for feedbacks internsl to the operator); to engineering
peychologists, it 1s a compensatory system. The ilmportant single-loop
features are the solltary stimulus (the error) and the random-appearing
nature of the forecing function (the system input). If elther of these
is changed, the whole complexion of the task alsc changes. For instance,
if the pilot is shown the system's input and output directly (a pursuit
display) instead of their differences, he is often able to take advantage
of the additional information and thereby to improve over-all system
performance. Also, if the foreing function is not random-appearing, but
perhaps periodic over relatively short time intervals, the pllot can
often detect and anticipate the repetitive or dsterministic nature of
the input and adjust his response accordingly. Both of these higher
order types of behavior amount to the presence in the system of further
signal pathe and a more complex than single-loop structure.

For the system shown in Fig. 1 there are three task variables that
bave a major effect on the pllot's dynamics— the foreing function char-
acteristics, the controlled-element dynamics, and the manipulator. Many
other fantors are implicitly involved. These include operator=centered
veriables such as treining, fatigue, and motivation, and external environ-
mental characteristics such as amblent illumination and temperature.
Ideally, all of these implicit (or "procedural") variables should be
taken into account, and someday perhaps they will.* But for the present

*Chapter VII of Ref, 34 presents a preliminary discussion of the
effeats of a few implicit varlables on pilot response measures, Refer-
ence 48 provides an excellent detailed example of pillot describing func=
tion changes accompanying changes in a typical environmentel varinbhle—
in this case, the pilot's effective "g" field.
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the central aim is to explore operator dynamics in speciaslized situations
wberein the vast majority of theae procedurnl variables are held constant.

- This is simple enough to do for the external environmental fsctors, but for

the operator-centered factors the best that oan be hoped for is the estab-
lishment of remsonably stable levels of stationarity. Statlionarity in the
over-all experimental situation is enhanced by confining the forecing func-
tions to signals possessing statlonary characteristice, and by using highly
trained and motivated subjects drewn from-e narrowly limited population for
wvhich high-grade skill in manual control lsg an essential feature.

Tustin (Ref. 59) first noted, in e formal way, that operators in manusl
control systems, responding to random-appearing visual forcing functions,
exhibit a type of behavior which is analogous to the behavior of equalizing '
elements inserted into a servo system to improve the over-all dynamic pers
formsnce., BSince then, a number of measurements of human response to visual
inputs have been made in situatione such as the one 1llustrated by the con-
trol eystem block diagram of Fig. 1. For the actual measurement asituations
the human being is represented by his quasi-linear model, that is, as a
describing function plus & remnant. The dynamics of the display and other
system elements are lumped into a "controlled element," and the system forc-
ing function is modified (if neceasury) into an equivalent forcing function.
The equivalent block disgram ‘then takes the form shown in Fig. 2. The cone
trol loop signals are represented es time functions and their Fourier trans-
forms, e.g., e(t) and E(jw), and also as power spectra or power Epectrsl
densities, ¢.g., 9pe(w). The linear constant-coefficient controlleq element
is totally defined by its transfer function, Yo(Jw), vhereess the nonlinear
time-varying human requires the describing function, Yp, and the remuant
power spectrum, &nn,, to provide en adequate dynamic description in the
sense that the pover spectral densities of the signals in the actual and
the quasi-linear equivalent system mre the same.

The nurber of conditions studied by the principal investigators of
human operator describing functions, through the year 1960, are sumua-
rized in Table II. The table is organized with respect to task variables.
The most influential of these turned out to be the forcing function and
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the dynamics of the controlled element. By comparing the results from
211 thase exmeriments, the influence of the mhlpulator was showm to be
unimportant for the ranges of frequency measured and menipulstors tested,

The dependence of the human operator describing function on foroing
funotion and controlled element dynamics has tended, in the actual
experimental situations, to be cbscured by the limited frequency range
(bacdwidth) and the run-to~run variability of the measurements, Refer-
ence 3k, however, shows how, by considering averaged data, it is possible
to formulate a fairly simple analytical describing function form which
can be adjusted to describe the main festures of humen behavior. Although
the Hell data (Refs. 24 and 25) were not available at the time Ref. 34 5
wae written, Ref. 36 represents an effort to bring these data into conso- |
% nance with the results considered earlier, and the circa 1960 statement
of the model below takes account of those results. Thus, when the

*, dascribing function data for all the experiments represented in Table IT
"’a,re considered as & whole, they serve meg the dats base for evolution of
8 ‘servo model describing humen operation and adaptation for compensatory
tracking with a visually presented, randome-sppearing foreing function. !
This model is the key element in a dynamic deseription of the human oper-
ator's capabilities in such tasks (the other element being the remnant). !
It cha.ra.éterizas the predominant majority of all the experimental resulis.

A, b ¢ 3 A U A T AR L+

‘ The model comprises two elementu:

a. A generalized descrlbing function form

b, A serles of "adjustmeni rules" which specify how
to "set" the paremeters in the generalized ]
describing function so that it hecomes an '

approxiumate model of human behavior for the

' particular situation of interest

eI

R ]

The most extensive and generalized deseribing function form for one-
and two=dimemsionel compensstory control tasks developed in Ref. 34 is:

3 a
\ R (Tpdw+1) mr[a%]
O o Mmm[(ﬁﬁ)“f%“ﬁ‘-"“]www :
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vhere Kp = gain
¢ = reaction time delay (transport lag)

(Tydo+1) »
m = equalization characteristic

2t

indifference threshold demcribing
funotion (1 - 4/2/x ap/op when
ap/op << 1)

= neuromuscular system characteristic

1

&7 5 o

The describing function 1s written in terms of the frequency opemstor,

Jo, instead of the Iaplace transform variable, s, to emphasize that this
describing function is only valid : - the frequency domain and only exists
under essentlally stationary conditions. For instance it cannot be used
to compute the eystem response to a diescrete input, e.g., & gtep response.

The indifference threshold effect was derived as a serial member in
the operator's characteristics in the Goodyear studies (Refs. 18 and 19),
and was shown (Ref. 34) to be compatible with Elkind's variable amplitude
results (Ref. 13). However the ratio of threshold to 1ts input, amq/on,
is quite small relative to one for input signal levels conventionally
used in tracking tests, so the describing function Kp is near unity. The
indifference threshold is, therefore, a second-order effect that can be
ignored here (although it can be of importance in other applications).

The third-order neuromuscular system description shown in Eq 1 is
besed primarily on high frequency dats available from step function inputs.
None of the describing function meesurements referred to in Table II give
a direct indication of the complete third-order representation because
there 1e no forcing function power at the high frequencies about Wy
The describing functlon data do, however, reflect the low frequency
effects of the neuromuscular system. In fuct, these data support a
first approximtion to the neuromuscuvlar system consisting of a first-
order lag. Thus the usual version of the describing functiion model




e piide e

developed in Ref. 34 has only & first-order neurcmuscular lag term,
(Tydw+1)™, vhere Ty & Ty + (/o) «

With the simplification discussed sbove, the general low fregquency
describing function of Eq 1 becomes mpproximately
. er.‘jm('l‘hjm+ 1)
P T Trpie+1)(Tyda+) (@)

While Eq 2 can be shown to have a very considerabls range of vallidity
for a varlety of operators, forcing functions, controlled elements, and
manlpulators, only the form of the describing function has this over=-all
validity, Most of the parameters in the describing function are adjust-
able as needed to meke the system ocutput follow the forcing function—
i.e., the parameters as adjusted reflect the pilot's efforts to make the
over=all system (including himself) stable and the error small.

i
1
1
3

The pure time delay represented by the e"Jm term is due to sensor
excitation (the retina in the visual case), nerve conduction, compute.
tional 1lags, and other data processing activities in the central nervous
system. It is closely related to, but not identical with, certain kinds
of classical reaction times., 1T i8 currently takcn-to be a constant
because it appears to he essentially invariant with forcing function and
controlled element dynamios for either single or dual rendom-appearing !
input taske. However both inter- and intra-subject t variatione ocour. :
Observed T's run as low as ahout O.1 sea und as high as 0.2 sec.

1 2 T e i B A P BT T

PP

The neuromuscular lag, Ty, is partially adjustable for the task,
The nature of the adjustment iw somswhat obscure due to the lack of high
frequency datm, although the general trend is a monotonic decrease in Ty
with increasing foreing function bandwidth (see Tabls 13, Ref, 34). The
observed variation of Ty with forcing function bandwidth ranges from
less than O.1 sec to somewhat greater than 0.6 sec. Because the details
of the Ty variation with forcing funotion bandwidth are not known, this
important variation has often been ignored in epplications and typical
veluea of Ty near 0.1 sec have been used.

The equalizing charscteristics, (Trjw+1)/(Trw+1), coupled with
the gain, Kp, are the major elements in that adaptive capability of the

17




humen which allows him to control many differinz dvmamie devicesa. Thair
function is the modification of the stimulus signal into s suitable
neuromuseular oommand which is properly soaled and phased for syitable
over-all men-machine system cperation. For given input and controlled
element characteristics, the form of the equalizer is adapted to cocmpen-
sate for the controlled element dynamics end the pilot'e reaction time
delay.

The describing function adjustment rules are not simply steted since
they depend intimetely on interactions of the elements in the man-machine
system. In general, the adjustments can artificislly be divided into two
categories —adaptation and optimalization. Broasdly speaking, adaptaetion
is the selection by the cperator of a specific form (lag-lead, lead-lag,
pure lead, pure lag, or pure gain) for the equalization characteristics H
and optimalization ls the a.dJus‘dmant of the parameters of the selected
form to eatisfy some internally generated criteria. The result of the
adaptation process 1s falrly well understocd, since the form selected is
one compatible with good low frequency, clogsed«loop response and the
absolute stabllity of the systeum. The internal cptimalizing criteria
are not known, although they appear to be generally compatible with the
minimization of the rms error (Refs. 31 and 34).

The known adjustment rules for the human cperator's describing
function, in decreasing order of their certeinty, can be sumarized as
follows (Refs. 34, 36, and 37):

1. Btabllity: The human mdapts the form of his equealizing
characteristics to achleve stable control.

2. Tomm Beleation-— Low Frequency: The human adapts the form of
his equalizing characteristics to achieve good low frequency
closed-loop system response to the foreing funetion. A low frequency N
lug, Tr, is generated when both of the following conditions apply:

a. The lag would improve the aystem low frequency
characteristics.

b. The controlled element cheracterlstics are such that
the Introduction of the low frequency lag wlll not
result in destabilizing effects at higher frequencies which cannot be
overcome by a single first-order lesd, Tr, of somewhat indefinite but
modest slze.

18
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5. JForm Seleotion—Iead: After good low frequency characteristics
are assured, within the sbove conditions, lead is generated when
the controlled element characteristics together with the reaction time
delsy mre such thet a lead term would be esmentinl to retain or improve
high frequency system stability.

4, Paremeter Adjustment: After adaptation of the equalizing fom,
the describing function parameters are adjusted so that:

&. Closed=loop low frequency performance in operating on
the foreing function ils cptimum in some sense analogous
to that of minimum mean=-squared tracking error.

b. System phase margin, Pp» lles somewhere between 0° and
50° when the forcing function bandwidth, w;, is much less
than the system crossover frequency, uyn; and from 50° to 110° when wy 1s
near d,. This strong effect of forcing function bandwidth on the phase
margin is associated with the variation of Ty with the same task variable S

5. Wy Invariance Properties

6. Wy-—K, Independence: After initial adjustment, changes
in controlled element galn, Ko, are offset by changes in
pllot gain, Kpj 1l.e., system crossover frequency, w,, is invariant with Kg.

be Wy—ay Independence: Syatem crossover frequency does not
depend on forcing function bandwidth for wy < Wy e (ab_o is
that velue of u, adopted for wy << uy.) °

C. s Regression: When w nears or becomes greater than ey, the
crosgover frequency regresses to values much lower than deg:

*"Porcing function bandwidth" is a vague term unless the forcing func-
tion spectrum 1s rectangular. For other spectral shapes an effective
rectangular forcing functicn bandwidth must be defined. Seversl possible
bases for this exist, but recent results by Elkind (Ref. 14) can be used
to support the selection of "effective degrees of freedom" as the basis
for defining a rectangular bandwidth equivalent for a nonrectangular

spectrum, i.e., ® 2
[/; °nd4_
“’ie - )
S (011)8 0

**The phase margin adjustment rule noted here has undergone many
changes in the course of time. Initielly (Ref. 34) a range of 0-30° was
suggested; this was based almost entirely on extrapolation of low fre-
quency data to nrossover. Bubsequent re-examination of some of the Elkind
data having forcing function power in the crossover region led to exten=
sion of the upper value to about 60°, The Hall date almost all spenned
the crossover region (nee Table II)., Phase margine extracted from these

(Ref, 36) were highly variable, but ranged from 50° to 110°. The eriterion
will again be modified in this report!

(3)
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Tt tuyma out that the operater Scseribing function edupled for s
glven task is very similar to the one that & control engineer would select
Af he were glven an element to control together with a controller "black
box," having within it elements making up the describing function given
by Bq 2, and knobs on the ocutside for the adjustment of Ty, Tp, snd Kp.
Thus, the adaptation of equalization form coverad by Adjusiment Rules 2
and 3 may be foreign to the reader who is not thoroughly grounded in
control theory since it is anslogous to operaticns which hav{q_) an artistice
flavor even in conventional control system synthesis. Exampfl'fes often help, @o
Teble III is presented to illustrate the egqualizer form taken for several
simple controlled elements.

TABLE III
EQUALIZER FORMS FOR DIFFERENT CONTROLLED ELEMENTS

WHEN THE THE OPERATOR'S
CONTROLLED ELEMENT ' EQUALIZER FORM
TRANSFER FUNCTION, Yo, IB ADAPTED I8
1;_?6 Pure gain, Kp
Ko Lag-lead, Ty >> Tr,
Ko
Lead~lag, Tp >> Tr
(Je)2 P
Ko lead-lag (if ay << 2/7)
(Jw)2 + 2wy, (Ju) + a.\% Iag-lead (if wy >> 2/7)

This, then, is the analytical-verbal deseribing function model of
the human operator which existed prior to the gurrent study. The
analytical portion of the model is the expression of Eq 2, and the
verbal portion comprises the adjustment rules given in the numbered
statements above,

While the describing function is the critical factor in determining
operator—system stabillity, the uncorrelated ==-in a linear senses —portion
of the operator's output, the remmant, cean be importent for estimates of
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syatam performance; mich as meaneaquarad arrop; This situsation arises
because the remnant, represented as & pover spectral density, @nn(w),
1s one of two additive terms in the expression for the spectral denslity

of the operator's output.

COhsiderins that no disturbances are present, the mean-squared error
is

2
-5 1 Yo (dw)
e m 2—; E{-Hw 044 (w) do +§— ———-———(-—” YL Ts(0a °nnc(‘°
where ; W
E{Juw 1
T 3@ = -i—w = the error/inpu't deecri'bing function
" and ®i4(w) = the power spectral density of the input
3

Gnnc(m) =  the power spectral density of the remmant expressed

a8 an "equivalent" open-loop input applied at the
pilot's output

NP TS SR R

’% The first term in Eq 4 derives from the describing function portion of

' the pilot model cperating on the forcing functiun. At the cperator's

- output this component can be represented by a power spectiwl density
IHfad}n(w), vwhere H = Yp/(1 + Yp¥e) is the closed-loop describing func-
tion relsting pilot's output to the system forcing function. The power
spectral density of the remnant can alsmo be expressed in closed-loop form
as Oy = J1/(1 + ¥p¥c)|%0pn,. Then the total power spectrel density of
the cperator's output is

Ooolw) = |H|2044(w) + Opy(a) (%)

The ratio of the linearly correlated pilot-output power tn the total
pllot-output power is the square of the "correlation coefficient," p:

pa - |H|2°ii - _°nn
ac TO:

(6)
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The meaning of o in s specific instance is dependent on the data
analysis apparatus and on the nature of the system forecing function.

21
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For our experiments p is found using an analyzer which mechanizes

. spectral and cross-gpectral measurements using multiplications and

| very low pass filters (Chapter IV). If the foreing function is a sum

l of sinusoids, 944 will be & sum of delta functions (i.e., & series

: of line spectrs whioch exist only at the frequencies of the individual

% foreing functicn sinuscidal components). Then, in gener=l, the output,

'1 ®c, Will be & sum of delts functions at the same frequencies as those
in 043, plus delta funotions at other discrete frequencies (if non-
linearities or ccnstant rate sampling are present), plus a continuous
power spectral density component representing random fluctuatione in .
the outputs At the frequencies for which they exist the delta function ;
components will generally overpower the random component, and the p
mensured at forecing function frequencles will generally be 1.0 unless low
frequency time variations in H result in additionsl power within the
msasurement filter bandwidth. In fact, p will be 1.0 even in the pres-
ence of many kinds of system nonlinearitles. At other frequencies p
will be undefined since ¢4y is zero.

For forcing functions which are samples of rendom processes, the
power spectial densities in Eq 6 are all continuous. The meanlng of )
for this case 18 quite different; Jis value relative to 1.0 becomes
primarily a measure of the relative importance of the remant. Nears
unity p values indicate a linear constant-coefficient syrstum, where:is
lesser values imply nonlinearity and/or nonstatlorarity and/or "noise"
inJection (Ref. 34). Thus p for the random-input case is not as dis-
criminating a measure as when the lnpul is made up of simple sinusoiis.

oo L il it b do

All past human opcrator date for vhich p values exiat used foruing
functions which were samples of rsndom processes (Refs. 24, 29, 34,
and 50), or very many, closely spaced in frequency, sinusoids (Ref. 13)
which were not separable in the analysis technijue used, Therefore
rest p data fall into the random=-input category. Much of the existing
date show correlation coefficlents near 1.0, although considerably lower
values were not uncommon. In general, the larger the correlation coeffie
clent, the smaller was the remnant and the mean~squared trac.ing errors.
The smallest observed remnants occurred in connection with controlled
; elements which had the least energy storage, 1.e., Y, @ Ko, Here

a2




the form of the operator's equalizer characteristic is either s low
frequency lag or a pure gain. Finally, the least remnant is sssociated
with foroing functions having the least bendwidth or high frequency
components. »

Unfortunately, mechaniams for the descriptic;n of the remnant are not
nearly as well "understood" in an equivalent mathematical model form as
those for the describing function. Observed remmants in one-dimensional
control tasks have, however, been “"explained" in three possibly equally
likely ways (Ref. 34):

& Random "noise," with a mean-squared value proportional

to mean=-cquarvd linear output, superimposed on the
operatorts linear ocutput

b, Nonsteady operrtor behavior, that is, variation of the
opentort!s describing function during the course of a
measurement run

¢. Nonlinear antisipation or relay-like operstion, super-
imposed on the cperator's linear output
Remnant data are far more sparse than lescribing function information;
and the data available are not especially reliable. Consequently, the
summry statements above are about all that should be said in connection
with the oiros 1960 model.

3. Ratiomale for the Xxisting Model

It my be well to remark that the analytical-verbal model is in part
a hypothusis whicvh derives from what, after all, can only be deecribed
a8 limited dnta. The rationale of the model, however, does not rest
exclusively on observation. The adlustment rules are partly an expres=
sion of practical synthesis procedures for inanimate servomechanisms
(Revss 7, 22, aad 26).

Desirable properties oi a 'good" feedback control system are to:

&« . Provide specif.ed cormand—response rslationshi. ).
b, Buppress unwanted inputs and disturbances

¢. Reduce effecte of varistions and uncertainties in
elenmente of the control loop
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It can be shown (Ref. 7, for example) that these three functions are
accoxplished in a single-locp manual or automatic feedback control
system by meking the complex gain of the open-loop systenm, YpYo, very
large over the rangs of frequencies in which the comfand imput and load
disturbances have substantial components, and very small outside thie
renge.

For the unity feedback system of Ilg. 2, the desired sclosed-loop
transfer function is the transfer function of a low pass filter, The
entire range of positive resl frequencles may then be divided into three
reglons of principal interest in terms of the magnitude of the open-loop
system transfer function. These are displayed in Table IV.

TABLE IV

OPEN- AND CLOSED-LOOP TRANSFER FUNCTIONS
OF A "GOOD" SERVOMECHANISM

OPEN-LOOP CLOSED-L0O0P
FREQUENCY TRANSFER FUNCTION | TRANSFER FUNCTION
CEPE l¥p¥el 5> p¥e .
G pre T+ Yp¥a
[}] o () 1
() 1 Yp¥e & sy
L > | tpte| << 1 —I%Yi—‘ﬁYY
(Dc pee 1+ p!o Al

The region near the crosscver frequency, dy, (whers |YpYs| & 1) has
a surpassing importance in the synthusis of feedback systems. Mirst,
for "good" performunce the crossover frequency must excesd the largest
frequency, o, at which there are apprecieble components of the commands
or external disturbancee. , is, in this sense, scmewhat greater than
an upper bound on the frequency region wherein 'Ychl >» 1, a condition
which provyifes good following of the system input by the output end
suppreuim' of disturbance effects. Second, the shape of YpY, at and

2l
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near crossover frequency determines the dynamics of the dominant modes

of syslem sespunscs The vonditiun for neutisl oscillatory stability is

¥p¥a| = 1 and ¥¥p¥e = =n when sgn Yp¥e(0) = + n

AS

Hence, neutrally stable or unstable dominant modes are most often avoided
by adJusting the system so that

. R TP P e - g

| ¥pte| < 1 when YYo= - © ;

and
gty > -x vhen ¥ Y| =1

These are the often quoted conditlons of positive gain mardgin and phane
margin (e.g., Ref. 22). They are an expression for simple minimum phase
; ' or minimum phase plue transpert lag systems of the Nyquist stability
b oriterion. Bince stability is quite literally the gine gua non of &
feedback control system, these requirements for gailn and phase margin
y nay severely restrict the cholce of the croesover frequency.

L R ]

PRI .

The phase angle at a frequency uw, of & transfer function, Ych, which
contains a transport lag, T, but which is otherwlise minimum prase, in
terms of amplitude ratioc slopes is (Refs. 7 and 2t)

: x| al¥pYe(w)l
\ o(ug) —Tag * Ea[——dzinr—a%-j- (9) 4
{ ' W=y

| J’" a|vp¥o(w)| [al¥p¥o(w)|

" oW d.(ln -‘9-) a(n.n-"i-

| o= &) fowe

where the slopes, d|YpYel /d[:l.n(w/u:a)] , are expressed in db/decade, As
1llustrated by Fig. 3, the In coth (1/2)]1n{w/ag)| term in the integral
applies a large welghting to slope changes in the immedlate vicinity of
and greatly attenuates the effects of the integrand of slope changes else-
where. Consequently, the phase at dy is alfected prirarily by tuwy, by the
local db amplitude ratio slope (the second term in the expredsion), and by
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Figure %, Weighting Function for Bode's Amplitude Ratlo Slope:
Phaoe Relationship

local changes in this slope (the integml term). If the db amplitude ratio
slope is eszentially constant over a wide region about uy,, the expression
reduces approximately to the gecond term alone plus the transport leg's
contribution. In this event the phase associated with a constant amplitude
retio slope of —20n do/decade will be simply —tw, —nn/2 rad.

For low pass open~ioop transfer functions the amplitude ratio slope at

gain crossover is ncgative, 80 a positive phase margin can usually exist .
only when d[YchL /alin (as/mc)] in the immediate vicinity of crossover is ~
less (numerically? than —40 db/decade, the local changee in slope are moder-

ate, and the T, contributlen i mwinor. The avellable crossover regions for
most transfer functions are, therefore, confined to arems where the local
amplitude ratioc eslope fulfills thece conditlong, and the cholce of crossover
frequency is delimited mocordingly.
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These consideratlions are embodied in the Primary Rule of Thumb of

Lroguonsy vespoube syulhiesis: "Find or creabe w fulr sleeboh of 20 db/dscude

slope for the amplitude ratio, and then make it the crossover region by
putting the O ab line through it" [1.9., meke the gain such that |Y,¥,(Jw)]

where YpYo(Jw) & 1 /J(w/wc)] « This orude prescription for stability and good

regponse is generally adequate for minimuwm phese systems. It can be
extended directly to the trensport lag case by adding a prescription for
e positive phase margin. Typically, the phase margin, Py, Tor a well-
adjusted regulator is approximately 5o-h0°5 e somewhet higher value is
customarily used for servomechenisms, which must follow commands as well

as suppress disturbances. The human has his own ideas (Adjustment Rule hb)!

Finally, then, for a "good" feedback control system the opermtor's
describing function, YP(JaQ, must be adjusted so that the crossover
frequency, wy, exceeds the hlghest lmportant frequency in the input, wi;
end 80 that ¥pYe(Jjw) conforms e* low frequencies, higu frequencies, end
crossover freqguency to the requirements noted in Table IV,

Many of the above remarks esbout the rationsle of equalization adopted
by the pllot can be made more concrete and understandable by the defini-
tion of an apprecimate "crossover model" for manual control systems.

This has been done in Ref. 38, where it 1s pointed out that considers-
tlon of the requirements of "good" feedback system performaﬁce leeds
directly to the conclusion that the pilot adjuste his desecribing function
80 that the open=-loop function, YpYa, in the vieinity of the gain crosse-
over frequency, up, is closely approximated by

—Jure
YpY, = -afd—w— (10}
This crossover model 1s not a replacement for the analytical-verbal model,
but ie instead & convenlent approximation suitable for many engineering
purposes. Whille 1t is a better description of amplitude ratio character-
istics than of phase characteristics, it often describes the most signif-
icant, features of operntor behavior adequately. This is because the

actual suape of the cpen-loop function away from the gain crossover

R
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frequency 1s usually glmoét "irrelevent to the closed-loop performance.
It is, therefore, ofteﬁ unnecessary to.retain’ terms in the deseribing
function whose infiuance 1s uot felt in the immediste vicinity of galn
crossover.

Table V chows the application of the adjustment rules to the
prediction of a pllot's desoriblng function and to the formulation of
the crossover model for several aimplg limiting~case controlled elements &

. TABLE "V
OPERATOR DESCBIBING F’[I_NCTION AND CROSSOVER MODEL
WHEN THE '
THE OPERATCQR'S THE CROSSQVER
CONTROLLED ELEMENT
TRANSFER TUNCTION IS DESCRIBING FUNCTION IS MODEL
(o about ay)
=Jar
'ic— K e_Jwre EKCe J e
Jo P Ju
=Jur ~Jar,
Kpe e K., e e
(Trdw+1) 7 T1 Tr Jw
Ke - KpKoTpe e
(.j_cu)é Kpe Jm‘(TLJwH) ; T?_L << wg Spfelre = 2 \Ij-'m

In many instances more complicated controlled elements can be satlsfac-
torily approximated in the vicinlty of gain crossover by these simple
limiting ceses. Thus, for example, e damped second-crder controlled
element, Yo = Ko/[(30/e)?+ (24/an)ses+1], with a naturel frequency,
Wy << Up, 18 closely approximated near wmw, by a double integretor,
Yo = Kcu.ﬁ/ (Ja))a. The operator's describing function would then include
& lead equalization (see also the last entry in Table III).

¥Notc that the neuromuscular lag, vhich has an importent influence
at and near crossover frequencies, is subsuged in a larger effective
reaction time delay, Te = 7+ Ty for Kc/(dw) + For the other two con-
trolled elements the lead equalization can occur at high frequencies,
g0 for these Tg = T4 T&-TL. Actually, Ts 15 n catchall term which
serves to incorporate lnto the describing function the phase effects
near crossover of pure transport lags and poles and zercs with break-
points much greater than uy.
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3. ONION (F THX EXPERIMENIG

The primary purposes of the experimental series are the yplldation
of the existing analyticsl-verbel model and the extensiop of this model
in scourscy and detail.

1. dodel Validation

In the sense in which 1t is used here, "validation" is intended to
mesn the confirmetion of the extrapolations based on limited date., The
delineation of crucial experiments designed to test the validity of the
model involve the following preliminary predictions:

a. Describing function form adjustment. For a veriety of
controlled elements the adjustment rulee should be used
to predict the operator's describing function form. These
controlled elements should be such as to requirve a complets
range of operator equalization form adaptation; and they should
be "new" in that they have not previcusly been examined experi-
mentally in detail,

b. Mean-squared error minimization and variation. Estimates
of mean-squarea error due to systen forcing function, and

ite variation with forcing function characteristics, should be
derived. Special control situations should be selected which
most concretely illuminate the experimental consequences of
describing function edjustment for minimum mean-squared tracking
error, and the variation of this quantity with foreing functien
modifications,

With these preliminary enalyses and predictions in band, an experimentael
series can readily be delineated to provide date which either confirm or
deny the predictions of the model,

As already indicated in Table III, the simple controlled elements
Yo = Koy Ko/ Jw, and K(,/(J(.b)2 evoke a complete range of equalizer form
edjustment, 50 these becume prime cendidates for oritical velidation
experiments. Presuming that Elkind's experiments (Ref. 13) with a
veriety of forcing functions for the aimple controlled element Yo = Ko
could be repeated, in part, in the current series, then his data as a
whole could be considered in direct comtext wiih our own. The cerucial
controlled element form for model validation would then be I = Ko/ Jw
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and Ko/(Jw)@. Limited teets have been accomplished for the first of
these (Refs. 24 and 47), but no data are available for the mecond.

These controlled element forms are further attractive in that they
represent, in the vicinity of orossover, limiting cases of a great
variety of other possible controlled elemsnts of far greater complexity.

As another aspect of validation, it ls necessary to distinguish
between those features of the model in any particular situation which
muat be evidenced, and which therefore would tend to be invariant with
different opersators, and those features which might be, to an extent,

a matter of indifference. It will become apparent later that individual
operators may display what can only be described as a particular tracking
style. The style of one operator may be somewhat different from the
style of another operator, and this is reflected in changes in the
describing function model in those reglons where the form of the model
is not critical to good tracking performence. On the other hand, where
the describing function form is eritical to good tracking performance,
most particularly in the vieinity of the crossover frequency, it is to
be expected that the operator will not exercise a cholce and that the
tracking performance will b= tlghtly constrained. The three controlled
elements mentioned above are not perticularly constraining except in the
region of crossover. However, certain unstable controlled elements tend
to require a more uniform behavior.

2. Nodel IDxtension

The primary limltations to the existing model are due to limitations
in the experimental data on vhich the model is based. In essence, the
model 18 about ae sophisticated as 1t van be without further empirical
knowledge. 8¢, the question becsmes "Whe-;e are the sxisting date
deficient?" '

i
§

&+ The vast majority of the data are based un forecing
function vandwidths which were very low in frequency
relative to w,+ Hence, most Of the important crossover.
features of the model are based on extiapolations and the
doetrine of compatibllity between date sources,

|
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h. Thess 1oy frasnensy forcing-functicon bandwidth data do
not disclose any differences between manipulators.

¢. To achieve randome-appearing forcing functions, noise
generators or their equivalent were used., This cholce
of forcing funotion, while satisfying the random-sppearing
oriterion, introduced other problems:

A Pt i 120 < e

(1) Sampling variability (i.e., effects of finite run \
; _ ' length) introduced several uncertainties.

(2) Date processing equipment was complex and often |
notoriously unreliable. ‘

(3) The remmnant, of course, came out as a continuous '
power spectral density. Consequently it was of !
such form that 1t was not possible to discriminate among the
several possible remnant sources (i,e., remmant can be due to
sampling, nonlinearities, nonstationary behavior, actual rendom
: noise injection, etc., but the distinctive features correspond-
p ing to each of these tended to be lost in a general emoothed-
: over slush). Also, precious little remnant dats were available.

e

: d. With the notable exception of Elkind's results, the effects
; of variation in forcing function bandwidth were not system- v
* atically explored. Also, the consequences of changes in forcing :
function amplitude on open=loop describing function dats were not

known in detail. :

Many other data deficiencies exist, in both scope and kind, but the {
four mejor ltems listed above were the most influential in the progrem
planning phases of the experiments to be reported here. A major correc-
tion of these data deficiencles was desired, at least in the areas most
significant for man—machine system snalysis. Thus, beyond the critical
experiments for the validation of the analytical-verbal model, it was
expected that experimental phases of the program would yleld additional
dats which would permit:

as The refinement of statements concerning the adjustment
rules and the form of the describing function in the
vicinity of the crossover frequency. Such data might include:

(1) Phase margin date {and gain margin data where
this paremeter is pertinent)

(2) Closed-locp dominant mode charecteristics, such
as closed-loop damping ratio, §qr,
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(3) Tighter limits on v»"ues of T and/or T+Ty

(4) Better understanding of and limits on the w,
- regression condition

(5) “Better limits on the maximum value of lead
time constant, Tr, and lag time constant, Tp

be An improved understanding ouf the general effects of
foroing function amplitude and bandwidth.

6. An improved understanding of the possible effects on the
pllot's describing function of changes in the manipulator.

d., An extension of the pcpulation over which the operator's
describing function was measured. (It would, of course,
enlarge confidence in the model 1f lt could be shown that not
,just)e\ few subjectr, bul many, could be desrribed in the same
waye.

A natural result cf an experimental progrem carried out for these purposes

would b. a set of definitive data measured over a wide range of [requencles
for elementary and limiting-case :ontrolled elements.

In addition to all the purposes described above, it was hoped that
the experiment. 1 results would yléld the information which would permit
a varlety of questions concerning human operator performance in tracking
taske to be answered. Bome of the questions which have arisen time after
time in connection with previous investigations are suggested by the
following phrases:

* ae Motor respons¢ models: TFew, 1f any, investigators using
random~-input describing function techniques have carried
their measuremer.ts to frequencles high enough to reveal any but

the crudest facts concerning the motor response (neuromuscular
lags) of the humen operator.

b. Stationarity during runs: Date reduction performed in
the frequency Eome.iﬁ_ requires falrly long averaging

times. The describing function which is measured is then en
average desaribing function for the perlod of the test. It
may be postulated that the operator's performence is far from
invariant ovar a period of minutes, and that, for example, his
describing function might be appreciably different at the end
of a long run than at the beginning. If this were the case,
there would be good reason to doubt the validity of the mathe=
matical description under any circumstances othexr than as an
expression of the aversge performance in & particular experimental
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situation. The nature of cross~spoctral data reduction techniques
and the foroing function frequenciles of interest preclude the
explicit examination of varletions in the operator's deseribing
function for any period shorter than approximately 2 min, but
evidence for or against repld fluctuations in the desoription of
the operator could be indicated by consldering p values in con-
text with other meapurements. Also, the question of whether or
not the description would bhe apprecinbly different for the first
2 min and the last 2 min of the 10~-min run could quite essily be
examined., '

AR L s e e e

* ¢. Pulsing control as an expression of lead: It is a matter
of fairly common experience that in control tasks which

are very difficult, elther because of potential instability of
the controlled element or because of a very wide bandwidth of
the input forcing function, the operator will tend to exercise
control with e series of discrete pulses. The reasons why he
does this are not clear, but it may be that he can in thie {
fashion arrange more lead or phase advance, This behavior,
however, has scme nonlinear properties aund is e possible source
of remnant.

* d. %t;mgligg effects: BSome authors have suggested (Refe. 5,
, &n that the human may behs e a8 a sampled-dat.

system with a ressonably constant sampling rate for otherwise

£ stationary conditions. Physical evidence for or against this

hypothesis is very sparse.. If the human operatur t.pproximutes

a constant-sampling-period, sampled-date subsystem, the ef:ct

of sempling would be a directly testable physical source of

the remnant.
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N * e, Nonlinear effects: There is evidence of nonlinear

' behavior in both ths perceptual and actuation
mechunisms of the operator:. For exsmple, there are rate
thresholda below which the perception of motion 1s not
posaible. Further, in attempting to make predictions of
future motion at rates above the threshold, the operator
will overestimate slow rates and underestimate fast ones,
Somwe such nonlinear effects might well be a sultable source
of the remnant.

w Ceatdar .7

* £, Other sources of remnant: In addition to Items a~e !
above , & veriety of mechanisms might poseibly be the

source of the remnant.

It was not thought desirable to attempt to resolve all of tuese
questlons within the framework of the present program, but certain
experiments were planned, to be carried out more or less explicitly, to
resolve some of them. (Those which are treated, to some extent, in this
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report are marked with an asterisk in the mergin.) All the questions
and data deficiencies listed were carefully considered in avolving the
'inal experimental plans, and where at all possible attempts were

included to attack such Qquestions within the main fremework of tha
planned experiments.
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CRAPTER 11
PRY-EXPEADANT ANALYSES

Pragmaticelly, the most compelling Justification of eny model is its
capaclty to subsume past experimental results and to predict the outcome
of future experiments especially contrived to exercise the model to ite
limite, The existing human pillot model, discussed in the last chapter,
wae constructed on the basis of compatibllity with past results, so it
verformed the first function noted prior to the initiation of the
current program. Its next test was in forecast of extended situations.
These predicticns were the basis of much of the planning of the experi-
nents and cholice of particular experimental situations.

Three kinds of predictions are summrized here. The first is,
fundamentally, epplication of the adjustment rules and rationale to
three simple controlled elements. Although one of these, Yo = K, has
been extensively studied, it is treated again here with the model to
provide the basis for comparative statements between this and the other
two eysteme. The second kind of forecast le also concerned with describ-
ing function adjustment, but in s rather speciel way. The intent was to
find special controlled element forms which would tend to tightly con-
straill tie operator's cholce of characteristice. To this end the model
is used to explore possible control eitustions which will tend to cone
firm or deny conjectures abcut variability. Finally, the third type of
prediction vees the model to meke mean-squared-error estimaies for sube-
gequent experimental wvalidation. In pursuing thie objsctive, unexpected
results were obtained which provide the reison dletre for two adjustment
rulea vhich previously lacked & thecretical basis.

A, DQUALIZATION ADJUSTMENT

A serles of controlled elements which require the pilot's equalization
selection to range from lag-lead to esgmntlally pure.gain to lead-lag have
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already been dimcusded in the last chapter. From there it will be
recalled that these pilot-adapted forms correspond to fc(Jw) forms of
Ko, Ko/Jws and Ko/(Ju)®, respectively. Detailed analyses of man-muchine
systems involving these controlled elements will be summmrized below.

1. !g-‘g'

This simplest possiblo controlled element i1s almo the most extensively

studied, since it was included as one of the controlled elements in three

of the programs listed in Teble 1Y, The most definitive investigation was

that conducted by HElkind (Ref. 13). Yet some characteristics remained
111 defined (e.g., phase margins) or not too well understood (e.g.,
W regression).

The operator-adapted describing function fur sontrol of tlLe pure gain
controlled element will be

. J""‘( w+1)
tplde) & IJm+ T (Tyd + 1) (N

The phase margin of thie system will be

Py = n+ ¥ Yp¥eliuy)

w n—tan Tpwy - Ty - tan ! Tyay + tan | Tyay (12)

The lag time constant, T1, will be much greater than either the lead
time constant, Ty, or the neurcmuscular lag, Ty, to achieve good low
i‘requenay closed-Loop system response. In fact, the lead and the
neurcmuscular lag will occur at relatively high frequencies and they
will tend to cangel. Therefore, at frequencies in the crossover region
and helow, the primary effect of these two terms will be seen in their
contribution to the phase, which will be approximately

tan™! Dy = can™ Tyo & (Tp = Tyde , © < O(ay)

where O( ) means "of the order of."
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The net effect ie thus indistinguishable at low frequencies from a
modified "effective"” 12action time delay, Te, given by

Using this approximation, the open~loop bystem characteristics become

e"‘j“'“.e

rrerera mEFELENCY (14)

A generic jo Bode plot showing the open-loop charecteristics of Eq 14
is given in Fig. 4. Also illustrated there 1s the cromreover model
approximation obtained by noting that 1/Tywe << 1, 80 that KpK./Tp & a.
The crossover uodel version of Tc 14 is then

%Q'JM»
Yr"![':]c:rcwsavcr = w0 Oa) (15)

Recauie wy >> 1/‘1‘1 for good low frequency closed-loop response, the phase
margin expression (Eq 12) au modified by Eq 13 becomes approximately

s e fer) e

16)
%4-&'-".% 08

where f# = 1/Tyw,. The crossover model phase margin will bs the same 88
that given by Eq 16 when f is set equal to zero.

In this system the most important parameter is the crossover frequency.

Uni'ortunately w, is also one of the more difficult things to estimate
accurately using ‘the existing model because of the abaence of extensive
phase margin data. Consequently an estimate of a likely croescver
frequency rangs is usually the beat thut can be done. In the prasent
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Figure 4. Bode Plots of Estimated and Crogsover Model
Open=Loop Deseribing Functions for Y, = K, System

38

[RETT TRV

2y WEErw it B

S RS U N A R Rt R AR




© W uoe Ty o v

JPUT— pe——t b e St ik

case this can be approached as follows. BSolving for the crossover
frequency from Eq 16,

o & (Fre-m) o

Because Ty and Tp approximately cancel for thls case, T4 will approach 7.
A reasonable velue for Te 18 then about 0.20 sec, which corresponds to
the higher side of the v range given in Chapter II. With e value for 7e
selected, + serles of bounds on Uy, can be established using various
values of B and @y in Eq 17+ Any value of p less than 0.1 is compatible
wlth good closed-loop system response, so a § = 0.1 line provides one
boundary. The system will be unstable 1f the phase margin is less than
zero degrees, 80 en upper bound is established by the line

s 1

%mx - ?e-(-g- + 5) (18)

Finally, an upper limit for the phase margin will be taken as 40°,

(Thie estimate 18 based on the very limited Elkind data in the crossover
region.) The ey, line,

wg, ;‘;(12'.; +a) (19)

eatablished a lower boundary on the region of likely crossover frequencies,

The boundaries developed above are lllustrated in Fig. 5. Using the

middle of the region, an estimated crossover frequency will be sbout
605 md-/ sec,

Boundaries similar to those shown in Fig. 5 can be developed using a
constant phase margin and a variable 7, (see Ref. 37). Uncertainties
exlist in both 1¢ and the phase margin (which are pot independent quanti-
ties—see Adjustment Rule 4b), so the bounded region can be considered
to take into reascnable account nominal veriations in both quantities.,
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Figure 5. Crossover Frequency Estimation for Y, = Kg

According to Adjustment Rules 5a, b, and ¢, the crossover frequency
estimated above will be essentlally independent of variations in K., and
will also be constant in the presence of increases in foreing function
bandwidth until g (Eq 3) epproaches or exceeds 6.5 rad/sec or so.

When wy, exceeds the estimated a,, the cbserved crossover frequency will
exhibit a substantial decrease (w, regression).
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R, Y = Ko/doo

This single-integrator controlled element 18 an idealized rate control, )
i.e,, an operator-applied step function input to the machine results in en B ¥
output rete proportionsl to the step input. Because ¢f the free s, thers , f;

is no requirement for low frequency equalization, so the adjustment rules
indicate Ty = 0.‘ At high frequencies the operator Jead can be used to com-
pensate for the neuromuscular lag. Thus the appropriate open-loop system
model 1ig

—————————— T Ll S

&Kce_'jme

Jw

Yo¥o

20 §
. %e_d‘m'e (20) .
A

where 7o = 7 + Ty = Ty,. This complete open-loop system model 1s identi-
cal to the crossover model (compare with Table V) The open;loop system
{L : Bode diagram is essentlally the same ag that for the crossover model Bode
. diagram for the Y, = K, case (dashed curves in Fig. L4).

T e AR L T

Because conditlons in the reglon of croseover are so similar to those . '
for the Yo = Kq situation; the best estimate of uyn possible using the cireca . !
1960 model is based on that given in the last artlcle presuming p does hot
appear in Eq 16. Beéauae B is thus effectively zero, the estimnted mean wy
might be dropped to about 6 ra.d./ sec or 80 by using the average of the Uepe
and ey bounds evaluated for zero B. [A few higher phase margins have
been observed (Ref. 2U) for some Yo m Ko/Jw data, so the lower bound should
alsc, perhaps, be reduced.] As far as the numerical values are concerned
(6.5 and 6 rad/sec), this is a refinement thet is probably not warranted
because of the basic uncertainties present in both estimates. But the

relative magnitudes of ap for Yo = X, and Ko/jw are expeated to exhibit
this ordering.

AT IR S b 1

The application of Adjustment Rule 5 to this case is the same as noted
for the Yo m Ko situation.




3. Yo = Ko/(30)2

The double~integrator ccntrolled element provides a grucial test for
tho validation of the anslyticel-verbal model since experimentsl date
@ hed never been cbtained prior to the current program. Thus the applica-
: tion of the adjustment rules represents pure extrapolation of the
' edaptation principles belleved relevant to human operator description.

: The. operator deseribing function adapted for the control of the
Ko/(Jw)2 controlled element needs no low frequency equalization (T = 0),
but does require the use of some lead equalization to meet the simple and
primary requirement of stebility., Thus, in the complete open-loop
deacribing function
—Jm
Yp¥e - Koo (TLJm t (1)
(30)2 (Thdo + 1)

it is immediately apparent that T, > T+Ty is 8 necessary condition for
stabllity. A low frequency spproximation tc Eq 21 1s

vy & KoKee V%% (Trdw + 1)
Pe (30)°

;@< 0(ay) (22)

where Tq = T+Tys This approximete expression is suitable for the low
frequency range up to and somewhat beyond crossover. Note especlally
that, because the equalizing lead is needed at much lower frequencies
to obtaln stability, 7o here does ppt contain the compensating effect
of a high frequency lead tending to offset the neuromuscular lag.
Consequently, Te for the Y, w Ko/(Jw)2 case will be considerably larger
than those values estimated for the Y, = K, and Yy = Ko/jo systems.
Note mlso that Eq 22 approsches the croassover model (Table V) only when
TLUJQ > 1.

To galn & better appreciation for the likely position of 1/Ty,
consider the detailed unified aervo analyeis (Ref. 39) presentation shown
in Fig. 6. Here 1/'1‘1, is located at a frequency which is considerably

k2
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less than the crossover frequency. The closed-loop system in this ocase

will mawe o low freguency charncieristic glven by

-
gy e s

Gyp Ju) G )

.(Tya: +1)

(Thde + 1) (@ v 1) (s g0 + 1)
1.

(g% +1)(v"Jo + 1)‘

y W< 0(wyp) (25)

, w<0(w) ~ (2k)

The approximete cancellation of the low frequency closed-loop lag, '1‘£,
by the lead equalization time constent, Tp, indicated in Eq 24 results
in an excellent low frequency closed-loop response characteristic.

Now, by way of contrast, imsgine that the leud break point is much
closer to 1/1', and the crossover frequency. The dipole pair in Eq 23
will then no longer nearly cancel. Also, for separationa between 1/‘I'L
and 1/t of about 6 (TL/'I'e n 3+ V8 =« 5.83, obtained from the require-
ment that two real values of d[Ych(-a)] /do = o) , the two poles starting at
the origin can never resch the real axiB. Further, the closed-locp
characteristics become increasingly sensitive to vaeriations in Ty and Te
as their separation becomes less. Consequently, 1t ie clear that 1/Tr,
should, ideally, be located at values much lees than «,. This completes
the pradictio;x of the detalled form of Yp for this case.

?
i
!
§

The next problem is to estimate the approximate crossover frequency.
This will be accomplished in a fashion eimilar to that used for Yo = Koo
The phase margin corresponding to Eq 22 18

oy = tan™! Tpge = Tetk (25)

which, if 1/, << 1, becomes approximately

1

=B = Takk (26)
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vhere B = 1/‘!;_,0)0. Rearranging Bq 26, an expression for the crossover

e - . » . -
freguency ie vbisined;

G = 7'1:(-3- - B - 9y) (27)

This equation is eimilar to Eq 17 for the Y, = K, controlled element,
and the likely range for ag velues will be determined in the same general
way. The pertinent boundaries in this case are:

B < 0.4 y Tfor good low frequency' response

¥
¢ . for the gy = 0° bound
; pax - 1‘.(—5— B) ’ P ' )
¢
1 {3z (-]

LN L or the = 40" bound

%py " 1;(18 ‘5) » £ P

R

Before these boundaries can mctually be drawn, a value for Te MUBt be

estimated, A well-established and representative number for 't is 0.2 sec,

to which must be added an estimate for Ty. As noted in Chapter II, Ty is

@ ' variable over a fairly wide range, but a typical value of 0.1 is often

used as representative of th.e order of magnitude. This will be the pro-
cedure used here, With T % 0.3 sec, the boundaries appear as shown in :
Fig. 7+ The center of the probable crossover region is o = & rad/sea,
Just a8 in the Yo = Ky and Yo = Ko/Jw cases, one should not meke too
much of the exact numerical value. Insteed, the important estimates are
the general range of values, i.e., 2.5 € wy S 5 md/sec, and the order

" of the g values for the various controlled elements, i.e.,
welp > o] Ko/do > “’°]Kc /(jw)2® Fioally, here again it can be antici-
pate& that reductions in controlled element gain will be offset by
incresses in the cperutor's gain and vice versaj and that a, regression
will ocour for forcing function bandwidths of about 4 rad/sec.
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9, BOUATLTZATTON ADJTETMENR FOR OONDITIOMALLY STABLE SYSTIMS

The three controlled elements considered above can all he stabilimed l =
easily by the human without any fundamentael conflict between stability !

MRSt I acied

and low frequency response., The operator is under scme constraint at
frequencies in the reglon of crossover, but elsewhere his transfer
properties can conceivably vary s great deal without causing difficulty.
For instance, at very low frequencies the open-loop describing function Ych
is large relative to one for all three controlled elements, s0 over the low
frequency range the resulting closed-loop systems all exhibit nearly unity
lnput-output relationships; the effect on this property of minor reductions

ronzinriEIRIA] SRR R TR
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or Increases in the low frequency portion of the operator's describing X
function will be insignificant practically. In other words, the systems :
treated thus far have not been equally sensitive over the entire frequency
range of interest to changes in the operator's characteristlcs, but have,
instead, been far more critically affected by Yp chg.nges in some ranges
than in others. Ome could conjecture that the operb.tor might be able to
take some advantage of this situation by being relatively haphazard over
frequency regions where such behavior makes little difference, while being
far more precise where it really countsa,

There are controlled elemsnts of great practical ilmportance which
tend to be far less forgiving of variations in the controller character-
istics, The moat common of these are vehicles which bave various kinds

. of instabilities over which control must be exerted to create a stable
man-machine system. The resulting system is conditionally stable, bacause
either too high or too low a gain will result in instability.

H Idealizations of two controlled elements which result in conditionally
; stable closed=loop systems have been selected for further examination.
: These are:
3 K ;
Yo = 2 3
Jo = &
\ K 1
1o = ¢ i
Jw(aw -7
v i
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The first can be thought of &8 & generalization of the Y, = K./Jw
controlled element (wherein i/1 = V), and the second a8 & similar
generalization of the Y, = Ko/(Jw)2 configuration. Just ea in their
special 1/Tm O cases, the major difference between these two controlied
elements derives from the necessity of using low frequency lead in the
second to attaln stability, whereas lead is not required for atability
in the first, so any lead generated can be used to improve the high
frequency responss.

1. !c- ‘
do - 5

This simple divergence controlled element hes been atudied analytically
previously in Ref. 1, and certain facets have been examined experimentally
in Ref. 11.

Pigure 8 presents a detailed analysie of a system composed of the
unsteble divergence and a pure time delay, Te. A8 might be expected,
vhen 1/‘1‘ is very small relative to 1/ve the system characteristice appear
very similar to those for Yo = Kc/,jm. For this 1im1tingv' case 1t will be
recalled that the lead equalization was used primarily to offset high
frequency neuromuscular system effects. Consequently, for small velues
of 1/T, at least, the operator describing function for control of this
controlled element will be

Yp, = er—.jcm', (28)

where Tq & T + Ty = T1. This operator describing function will probably
be retained ms 1/T increases toward 1/te since neither lead nor lag
modifications are capable of improving the system significantly. As

can be appreciated from Fig. 8, the value of 1/"'e provides an upper
limit on the operator's control capacity, so Ty, will play an importent
role indeed in reducing e to its lowest effective value. An experi=
mental issue of great interest here is the extent to which the operator
may possibly be eble to reduce the neuromuscular lag and reaction tlme
delay when the pressure to do so is extreme.

L8

A




PR R

wo3sAg SUTYOBH-Uel
(3/1 - 8)/°4 = 2% yo sTefTEuy TTe3Ied

swosbvig ABBis pue spog (2

—~— {op2s Boj) o' ™

-g sandta

-

NRIERTRIRES -5 = o0 T SR

JEITwIr.

(Bep) es0ud

(aP) ooy epnjdwy

s8207 00y (9

AT RCT L

Xl

aA\zd
kg

weysag
SutyIom - uogy 0 wosbo|q 32019 (©

A% =109

- -

$1- .
L R § .w..-x

w 1% E)

TG OGN VRO R skt 2 T s




The conditionally stable nature of this system is revealed by the
low and high gain stability limit zeroc-db lines shown in Fig. 8c. The
operator's gein characteristics must be such as to establish gnd main-

tain the actual system zero-db line somewhere between these two extremes, ‘

Deviation from this policy at low freguencies results in an speriodic
divergence, whereas at high frequencies an oscillation is the penaity
incurred for exceeding the stability limit.

The tolerances on operator galn adjustments can be made extremely
small by proper adjustment of 1/T= As the dilvermence time congtant
decreases, the spread between 1/T and 1/te also decreases. Maximum
rhase maxgin becomes smaller and, most important of all, the range of
stable gain levels becomes smaller. This range is theoretically reduced
to a single velue of gain when the real axis breaksway (wpe) colncides
with the origin on the root locus. The position of the breakaway 1is
easily determined since it colncides with the point of zero slope on
the q(-u) amplitude plot. Thus, the breakaway point 1s that value of ¢
for ¥hich dG/dc is zero. Since G(~g) is

]
K
f

TaC
Gl-0) = M (29)

To + 1

then the slope of the Siggy plot will be

da(-o TTeG(=0)[  qo-T
dg .~ Mo+ |°F Tt, (20)
which is zero when
T=7q 1 1
g ™ Wpa - TTe - ;-; - -l-I-‘- (31)

The breakaway will coincide with the origin when the divergence time
constant, T, is equal to Te. Bince the low frequency effects of the
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neuromuscular system can be largely cenceled by the lead equalization,
Te 18 essentially 7. Hence, operator control of divergences having
time constants of the order of 0.15 sec are theoretically possible,
_Barly experimentsl evidence on the control of such divergences tends
to support this conclusion (see Ref. 1, p. 45), and subsequent experi-
ments (Ref.11) amount to conclusive demonstration.

For the experimental program contemplated here, the main objective
is to explore the effects of system constraints on operator variability.
To obtain the precision desired in describing funetion messurements,
relatively long tracking runs are required, some with large forcing
function bandwidths. Under these conditlons, dlvergence time con-

, stants near the stabllity limit are likely to be too extreme, tending
to induce fatligue and frustration in both operator and experimenter.
Much emaller valuee of 1/T, say 1 to 2 rad/sec, impose significant
constraints on operator verlability while belng competible with a more
f relaxed experimental procedure. For example, with 7, = 0.2 sec and

T = 0.5 sec, the breakaway frequency, dy,, 18 3 1ed/sec and the total
stable gain region 1s 10 db. j

g. Yo = %
: dmidm - })

Just a8 for its double-integrator special case (1/T = 0) this

H
H
i
!

{ controlled element requires low frequency lead equalizetion for
!k stability. Because of ‘the divergence, some minimum gain level is
] required, thereby leading to the conditionally stable nature of this

system. The appropriate operator describing function is

Yp & Kpe e (Tpjw+ 1) (32)
where Te here is approximately 7+ Ty, Just as for Yo = Ko/ (Jw)2. ,
Flgure 9 presents s detalled unified servo analysis of this system. §

There the 1/TL lead break point occurs before the 1/T divergence,
This relative position is appropriste for the moderate to large values #
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of 1/T whinh are of primewy intercst hets j for very sumll values of 1/T, :
however, the relative position of these break points will be reversed, ) j
That this relative order of 1/Tf, and 1/T is pertinent can be readily
eppreciated by donsidering the alternative.

In the limit, as 1/Ty epprosches zero, this man—-machine system tends
to approach in form that for the simpler first-order divergence congidered
above. In such a limiting circumstance the controllability limit would
occur when T = Te. Because the lead equalization is not, in this case, f

tending to cancel neurcmuscular lags, Te 18 substantially larger then that ; |
for the simple divergence. :

v W S WY SRR

Although the root loci for the simple divergence of Fig. 8 differs
drestically from that shown in Fig. 9, the esgential character of these
systems in the region of crossover is similar. Thie is most easily
seen by comparing Figs. Sc and 9e. The differences so prominent on the
root locl occur at gailns which are lower than those of direct concern.
The key similarity in both circumstances is that as 1/T is increased,
the tolerances on aveilable gain variations decrease. The central dif-
ferences between the two constraining situations, alreedy mentioned above,

are the necessity for low frequency lead generstion in one instence and ;
the differences in 7q. _ |

g

L g 3R TR

e
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0. PEIRPORMANCE MEASURES AND MINIMIZATION ADJUSTMENTS

o YR 1

The mean-squared error generated in a man-machine system with
stationary forcing functions has significance from at least three points
of view. First, mean-squared error or any closely related error funce
tional, such as je|, is often used for the relative assessment of com-
peting man-machine systems, BSecond, the stationarity of mean-squared
error velues gives a direct and easily obteined indication of over-all
system stationarity. learning curves, for example, usually consist of
a record of mean-squared error or similar quantity versus tite , with
stetionary conditions being presumed for the syptem as well as the
performance measure vhen it has achieved what appears to be a constant
minimum value. Third, there is scme reason to belleve that the operator's
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describing function parameters are finally edjusted so that closed-loop

low frequency performence in operating on the foreing function minimizes
or nearly minimizes the rean-squared tracking ?rror. This i8, in fact,

Adjustment Rule La.

Becpuse of the importance of mean-squared error, it was desirable to
develop some simplified relationships, using the pilot model, that can
be used to make predlotions which cen subsequently be tested by experis
ment, Unfortunately, not enough was known about remnant to include it
in any mean-squared error formulations. However, it is not difficult
to separate the mean-squared error into two components — that due to
remnant and that due to forcing function. Attention here will be devoted
to the memn-squared error component due to foreing function, l.e., the
firet term in Eq 4.

The mean-squared error component due to forcing function is given

by
CEE NS

o (33)
] E“;j; Q“i(w)dd:,

where Oqn " is the error power spectral density due to @;4. An extremely
gimple yet remarkably universal open-loop syatem describing function
model is the crossover model of Eq 10, which i1s repeated below.

mco"me' e

YooY, & (10)

Jo
This model has a high degree of validity for the Yo m K./Jo system and
is also quite good for most Y, = K, systems. It can have some validity
for special cases in other eystems also, such as the Y, = Ko/(Ju ~ 1/1)
system when 1/T is emall., Although this open-loop describing function

also has merit as an approximation to describing functions for Y, = Ko/ (.)m)2

in the crossover region, its description of the phase st frequencies not
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too far below w, is inmccurate. Still, mean-squared error calculations
based on this simple rorm will have a memsure of applicability to many
of the situations to be examined experimentally.

The simplified systems for which mean-squared.error caloulations
will be made are shovn in Fig. 10. The aroesover mode, systen, Fig. 10a,
leads 4o integrale which cannot be evaluated without meking simplifylng
approximations, although 1t can easily be evaluated numerilcelly. Both
of these approaches will be used below. For all the calsulatione the

forcing funetion spectral density will be taken as the rectengular
spectrum given by Fig. 10b.

a) Crossover Mode! System

Py

N
ot =12 ‘2‘:7]; P dw

Wy

b) Forcing Function Power - Spectral Densily

Figure 10. Elements of ef Caloulations
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The srror-to-ipput deseribing functien for the erossover modeld 1o
glven by

E L - - ————l‘-u———-— ) {
When Eq 34 ims inserted into Eq 33
-5 _ % f oL of
o dw 5
° 2x 0 a)2-2wa>csinwre+a§ (3)

Thig integral is not readily evaluated. However, if sin ume i8 replaced
by its argument (a good approximetion for systems wherein @y ie such that
@yTe << 1) the integral is eesily found. The result is

T i)
* ., 1 o/ - O
o TaxTe-—1) [1 - —"“‘""“‘“E%TQ = tanh g2 Vawete - 1 ](56}

or - 1?(%)2 (37)

if the hyperbolic arctangent is carried only to the second term in its
expansion. The exceptionally simple result (Ref. 37) given by Eq 37 is
often referred to as the "one-third law." It will later be seen to hold
remarkably well as long as ay/u, is somewhat less than 1,

Equation 35 can also be integrated numerically. The result of such
an operation is shown in Fig. 11. In this plot Ty serves as a normale
izing parameter, so the figure is essentially relative mean-squared
error versus crossover frequency, with forcing function bandwidth as a
parameter., These results are of very great interest indeed, for they
imply much about operator adjustment! It will be noted that the minimum
values of mean-squared error for the smeller wj condltions occur at the
stability limit. This implies that crossover frequency should be adjusted
at or near this value and be kept there, i.e., wy # constant. This ig &
highly enlightening enalyticel Justificatlion for Adjustment Rules Sa

. 56

o

N o

it e e % e




e e g

and 5b, which were based on extrapolations of experimental observations.
But Fige 11 contains still more informmiions Noublice Lhal al w velue ol
TeWy lying between 1.2 and 1.4 the minimun mean-squared error will mo
lonséf be along the stablility limit., Instead, smaller values ol mean-
squared error cen be obtained by a drastic reduction in the crossover
frequency. This phencmenon is, of course, the uw, regression noted in
Adjustment Rule 56. Judging from Fig. 11, such regressions should occur

when o),_/a)c beccmes greater than sbout 0.8, which is completely compatible

with the experimental data on which the order of magnitude condition,
ay/we & 1, was based. '
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Figure 11. Mean-Squared Error Based on Crossover Model
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CEAPIIR IV

MEASUREMENT CONDITIONS, FORCING FUNOTIONS,
AND TECENIQUES FOR BQUIPMENT UBAGH

The experimental portions of this study were intended to make explicit
and to quantify those sspects of humen adaptive behavior which can be
demonstrated in essentially stationary experimental aituations. GQreat
emphaslis was placed on the isolation and, wherever feasible, cortrol of
sources of variabillty so that the experimental findingme could be pre-
sented, ingofar as possible, in a deterministic rather than statistical
fashion. This was accamplished by precise measurements, somstimes on two
independent enelysis mechines; vy using speclally contrived experimental
and measuremant procedures; and by paying meticulous attention to details.
These means have heen successful. enough to allow dafinitive results to be
obtained using a restricted number of experimental runs.

T P YR B R T ﬂ%ﬁ@‘iﬁg

s emEEea bt
wmhes e aren o Lad

e W ERA L iR

The general measurements and task variables involved in the

experiments are sumarized in Fig. 12. The task varlables under the
: experimenter's control are enclosed in dashed boxes; those actually
u controlled in this experimentsal series were the forcing function end
: ocontrolled element. For the data to be discussed here, Y, was set
equal to Ko, Ko/dw, Ko/(Ju=1/1), Ke/(3uw)?, end Ko/je(dw=1/T). The
basis for the selectlon .of all these controlled elements has been laild
in the previous chapter. The selection of i(t) will be discussed
subsequently in this chapter.

.

;

The measurable signals in the control loop are characterized by
power spectra such as O4e, mean-squared values such as 91, and ampli=- .
tude probability distributions such as p,« The opermtor is character-
ized by the describing function Yp and the remnant &n,. These quantities
are sufficient to vompletely define the man-machine system in spectral,
average, and amplitude dlstribution terms. The key analyses necessary 1
are those pertinent to determination of power spectra and cross spectra. ]

F e T
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The analytical details involved in proceeding from the spectral quantities
to describing function, remnant, etc., are so well known and documented
(e.g., Refs. 13, 21, 24, 29, 34, 35, 50, 51, etc.) as to mske detalled
repetition here unnecespary. .Howaver, it is worth.mentioning egain that
the correlation coefficient, p, a8 used in these experiments has been
made agpecially sensitive t‘o operator time variations by virtue of the
foreing function type selected and the snelyzer used. Aleo, another
dimensionless guantity, p,, has been defined to indlcate the relative
amount of remnant in the total output. Finslly, because both periodic
and random time functione are present in the experimentel systems, the
power spectran may have two different natures, line and continuous.
Terminology and definitions whiéh are consietent with both poesibilities
are, therefore, needed. These are given below.

In general the symbol @y(w) will be used to denote the power spectral
density of & time signal x(t). In more compect style the power spectral -
density is also referred to se the power spectrum or, even more simply,
as the spectrum. The autocorrelation function, Ryx(7), of the same signal
is defined to be

1 T
Be(®) = Wm dy f_’r () x(t +71) dt

o vy v e | (38)

The power spectral deneity 1s proportional to the Fourier cosine trans-
form of the autocorrelation function, Ry.(7), i.e.,

Opy(@) = la-j: Ryx(T) cos arar (39)

The mean-squared value of the time signal will be
= . L[
x€ = = j; Oyy ()
- Rxx(o) . ("“0)
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If x{%) is a pericdic funciicn,

x('h) ™ E q’x(“"m) sin (o.ht *‘Vm) : (81)

theu the autvcorrelation function ls

Ry (7)

MRl
21 Exﬂ(;hl cos Wyt (42)
Nisw

and the power spectral density, considering only posltive frequencies,
will be

M
Oex(®) = n m2_:1 92 (a)8(w ~ ay) (43)

The magnitudes of the delta function pectml lines in ¢y are n times
the square of the peak amplitudes of the sinusoidal components in x(t).
When plots » presenting the line spectre are made, the actual quantities
used are ‘P:zc(“’m): expressed in power db, i.e., 10 logyq ¢2x The mean
square of x(t), following Eq 40, is

—_— L M
%2 = 21',"1; ’tm§1 q:i(a:m)b(w—ah)dm
1 M
-;mg 92 () ()

When x(t) 1s e stationery random function the autocorrelation func-
tion definition remains unchenged, and the power spectral density
definition based on the autocorrelation, Eq 39, and the mean-squared
velue expression, Eq 4O, are also unmodified. The form of the power
spectral density will, however, be entirely differsnt from the sum of
delta functions occurring for the periodic care, 1.e., the power spestral
density will be continuous. If, for one reason or another, the component
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of the power spectral density which is due to a random component in x(t)
i required to Le specilically identified, then the notation ., 18 used.
Thus, if both periodic and ro.ndom oonxponontl -.ppur in x('b), the pmr
apactml denpity will ve '

M
Oe(w) = Peplw) + nmE‘ 2 (a,) B (e ~ ay,) (45)

Pover db are also used for plots of Qux(w), 1.e., 10 logjg Pyx(w).

The experimental measurement of the quantities summsrized above ls
critically dependent on the msnner in which the measurements are executed
and on the apparatus assoclated with the control tasks and signal analysis.
This chapter 1s therefore devoted to desoripitions of the physical layout
and equipment, the task variables (forcing function and controlled element),
the memsurement situations and data presentation conventions, and other
empirical aspects. PFarticular attention 1s given to the description of
special procedures evolved in the course of the program to avoid pitfalls
or to increase the relisbility of the data.

A. PEYBICAL IAYOUT AND DQUIFNENT

The experiments were performed in a laboratory area consisting of
two connected rooms. The larger of the two rooms contains all of the
electronic equipment for performing and analyzing the experiments. The
smaller room contains the manipulator and display. ‘In this way, the
cperator is isolated from the measuring equipment and other disturbances.
An intercom is used for communication between operator and experimenter.

The experimental equipment consists mainly of three basic systons.
The f£irst is the watt-hour meter analyszer shown in Fige. 13 wnd 14. This is
an analog device capable of computing the ocrces spectre between the fore-
ing function and two other functions &t each of the ten frequencies
contained in the input, in real time. This device is more extensive
than, but is otherwlise similar to, apparatus originally used by Russell
(Ref. 47) to obtain humen response measurements. It contains ten sinu-
soidal function generatora, Fig. 13, from which the forcing function is
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synthesized, BSince a separate 2ignal is available et each of these
frequencies (both sine and cosine components), the calculation of the
oross speotrum between the forcing funotion and another signel is rels-
tively simple (see Refs. 4l and 51). At each of the input frequenciles,
a multiplier and an integrator are requived for the real and lmaginary
parts. These functions are provided by watt-hour meters, Fig. 14. The
use of these devices makes possible simultanecus computation of cross
spectra at all input frequencies. The limitations of this equlpment
are that measurements are restricted to input frequencles and 1t is not
pueselble to measure power spectra. The major use of this equipment is
to calculate the describing function during the ectual experiment, so
that the results are lmmediately aveilable. Mean-squared error, ?5,
and operator output, ?2, are also measured by other watt-hour meters in
the same gear.

The second system 1s the magnetic tape recording equipment, Fig. 13.
During an experimsnt the forcing function, i(t); error signal (input to
operator), e(t); operator's output, ¢(t); and controlled element output
(system output), m(t), are recorded on tape., These signals are later
transcribed onto a cpntinuous tape loop vwhich provides repetitive data
for further processing.

The third basic component of the date reduction equipment is the
spectral and cross-spectral snalyzer (Ref. 57). Besides providing an
alternative means for cross-spectrum measurement, this equipment (Fig. 16)
£ills the need for the additional measurements of power spectra needed ;'
tfor remnant calculations. It is capable of computing the cross s'pec:trum
between any two signals without necessarily requiring the foreing furic-
tion to be mede up of sinusoids. However, beceuse of its sequential
operation, the input data must be repeated once for each freqguency for
which a value is desired, so that on-line operation 1s not possible.

Input data for this analyzer are obtained from the magnetic tape
recordings, From these tapes are obtained the correlation coefficient,
the desaribing function caleulations for corroboration of the watb«hour
meter anslyzer results, and remnant spectra as print-outs on a paper tape.
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The controlled elament is generated with an analog circuit. This
elreuitry is contalned in a separste rack (Fig. 17). By switching
feedback components, a variety of response charscteristics can be

obtained, These include the :umi'b:l.ng oases used for the majority of

" experiments; Ky ; Ka/do, emd X/ (Jm) s and the unstable cases which
approach Ko/d0 and Xo/ (Ja:) an 1/'1' approaches nero; xc/ (Jw = 1/1) and
Ko/ d0(30 = 1/1).

The manipulator used for these experiments (Fig. 18) was designed
to exhiblt the minimum possible inertia and damping, so that it behaved
esgentially as a spring restraint. Only t.he' le.'bera.i degree of freedonm
(for transverse or roll control) was used in this experimental series.
The stick was menipulated to minimize the error, displayed on a 6"
oscilloscope face as the horizontal distance of a spot from the center.

In order to estimate the accurscy with which deseriding functions
can be measured using this equipment, an extensive series of tests were
performed (Refs. hli—L46). The results of these tests indidate an
accurncy for both the watt-hour meter analyzer and the spectral and
cross-spectral anslyzer of about 0.5 db in amplitude and 4° in phase
angle over a dynamic range of 40 db in amplitude and a frequency range
of 2 decades (0.14 to 14 rad/sec). Typical measurements are shown in
Fig. 19. For these, the tracking loop contained only the controlled
element, whioh was set to sivo the indicated transfer functions.
Excellent agreement was cbtalned between the two analyzers and the
theoretical response for the known controlled elements.

3. DESCRIFTION CF THR FOROING FUNOTION

S8ince the watt-hour meter analyzer can measure only at the foroing
function frequencies, the selection of these freguencies and the foreing
function speoctrel shape is of great importance in minimizing measurement
variability, In Refs. 21, 40, 41, and 54 conditione pertinent to the
use of deterministic sigoals to simulate random-appearing sigoal.s baving

" Gaussian amplitude distributions are presented. Requirements for

independence of sine waves and appropriaté choice of run lengths for
rinimizing the memsurement error are discussed in detail. In Ref. 5k
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Figure 19. Accuracy and Compatibility of Analyzers

it 1s shown that s alose approximation to & Gaussian amplitude distri-
bution can be achieved when as few asm five properly chosen independent
sine waves are summed. Therefore the ten independent signals available
are more than adeguate, and even allow some flexibility.

The desirsble characteristics of a forcing function composed of
independent sine waves, and to be used for human response studies, can

be specified as:

1. Randome.appearing, so that the operator cannot detect
any internal coherence in the forcing function and
thereby adopt & higher level of behavior
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2. Having s Gaussian amplitude distribution, so that
‘Gaussisn-input desoridbing function theory may be
used

5« Bxtending over about 2 decades, :Lnnludins .'Low
- i‘roquonciu below 0.5 md/no

4, Having » simply definable autoff frequency ‘

5. Providing energy in the crossover range without
disturbing the ocpermtor's low Irequency performmnce

6. Being composed of low frequency sine waves which
are integral multiples of the run length to minimize
averaging error
The foreing function, 1(t), selected for the set of experiments

described in this report— the so-called augmented rectangular :anuf
spectrum-— conforms to these requirements. This input is designated
wy, o4 where wy is the cutof? frequency in radians/second and oy is
the rms amplitude of this input as measured on the pilot's display.
Ordinarily, oy was 1/2", 8o o 1s specified in our notation only when
it differs from 1/2"., The frequency setting, uy, and the number of
periods for emch component in the fixed 24O-sec run length, Ty, are
as followss

Uy n = TRay/2x '

0,157 6
. 0.262 10
0.393 12
0.602 23
0.969 37
1.49 57
2,54 97
4,03 154
T+37 289
13.8 set

Three uy velues were used— 1.5, 2.5, and 4.0 red/sec, For the wj,
1/2" foreing function, uy alone charscterizes i(t). To define these
three inputs, the :uwlitudu:af. the lowest six, seven, or elght frequencies
were set equal, for cutoff frequencies of 1.5, &,5, or 4.0 rad/sec,
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respectively., The amplitudes of the remaining frequencies were set to
one tenth of the low frequency amplitudes (20 db attentuation). The
logarithmic spacing (vhich facilitates fitting theoretioal curves to
the mensured walues) was selected to insure the effective independence
of the sine wave components over the run length of interest.

Figure 20 shows messurements of the {hree foreing functions which
iliustrate the augmentation of the well-defined rectangular cutoff
frequency spectral shape by a series of :very low energy signals extend-
ing wp to 13.8 rs.d/eec. Specific tests were performed to assure that
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Figure 20. Measured Input Power Spectra Magnitwdes
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these forcing function spectra were indeed nearly Guussian. TFigure 21,
whioch is representative of the data for wjy = 1.5 and wy = 4.0 as well,
is & plot on probability.paper of the cumulative probability distribu- é
t:l.ohl for seven uy w 2.5 inputs. A streight line is produced by e

Gaussian distribution. Amplitude distribution analyses were also mde
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for these three inputs using a chi-squared test (e.g., Ref. 23),
These indicate that the inputs are sll Geuselan at the 0405 level.
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Figure 21. Measured Cumulative Probability Distribution
of Forning Funetion Amplitude

For each of the Iforecing functions, tbe chl-squared test for goodness of
fit to a Geussian distribution used, &8 a null hypothesis, the hypothesis
that any difference between the observed distributions andl the Gaussian
distribution was the result of chance forces. IFor this test, ’
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vhere 04 represents the obwerved measurements in a given oategory, which.
:L;‘o,“ deéilé here, ,p,rid Aj 1p the nuymber of observations expected in e
decile if thi distribution is Gaussian with the measured mean and vari-
ance. Because the categories used were deciles, k » 10. Since the
Gausgian distribution has two parameters and these parameters ave
unknowns in this case, there are seven degrees of freedom. Using this
hypothesis &8 the test hypothesis, any difference between the observed
distributions and the Geusslan distribution which turned out to be
significant, i.e., not Gaussian at, say, the 0.05 level of significance,
could be expected to occur only one time in twenty (5 percent) or luss
if solely chance forces caused that difference. All of the chi-squared
tests for individusl inputs, i.e., five 1.5, seven 2.5, and three 4,0
foreing function samples, falled to reject the null hypothesls. The
chi-squared values were then averaged, and these averages are plotted,
together with the ranges, in Fig. 22.

The augmented rectangular forcing function shape was, of course,
intended to overcome the past deficiencies in human response data due
to their limited frequency rarge and to the lack of precise msasure=
mants in the critiocal crossover region. Hopefully, the tiny high
frequency forelng function components greater than ay do little to
disturb the operator's low frequency performance, Ideally, the low
frequency characteristics should be substantially the same as those

measured with a pure rectanguler foroing funetion spectra, i.e., without
the augmentation frequencies.

In order to demonstrate the relative lack of influence of the low
energy higher frequency signals on the low frequency desaeribing funcs
tion behavior, we refer to Hlkind's definitive set of date for Yo = 1
(Refs 13). Figure 23 shows Yy, for Elkind's R.4O foreing function—
& pure rectangular forcing function spectre consisting of 40 equally
spaced equal-amplitude sine waves up to w; = 2.5 rad/sec and of
140 inches rme magnitude—and Yp for Elkind's B-6 forcing function
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vhich was an augmented rectangular fo:':-eing function spectra corr . 3

14l sinusoids and equivalent to wy = 3.0, 1" in our notatien. - '+ .° é
: be noted that the B~6 data provide s convineing extrapolatir: - ‘. §
? R.40 data to the crossover frequency. Subsequently we shall .- .. - - ;
;

that the Yo = Ko data developed in the current program are comy: © i .
with Zlkind's data. It therefore follows that the augmented r¢ .- . ;ular
forcing functicns used here provide a remsonable extrapolatior . Llow
frequency measuremants to and beyond the crossover frequency and that
the high frequency shelf does not materially affect the operator's
behavior.
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0. MRASURIMENT SITUATION AND DATA PRESENTATION CONVENTIONS

The messurement situation wae as follows. The pilot manipulated s,
stick (Fig. 2k4) which produced, as an electrical output signel, the pilot's

. output, a(t), which wvas fed to the controlled . clomnt, Yo (rofer to Fig. 12).

The damping and inertia of thie stick were mede L :l.aw as possivle,

The cirsult gains were set to give the followins dsflection sensitive-
ities on the dieplay for a pure gain controlled element of unity:

Kg = 1 inch (display)/6 deg (stick)
Fg ™ 2.21 oz/deg stick (applied with e 4 inch moment arm)

With the 4 inch moment arm, lateral motion of the operator's hand smounts
to about 0.07 inches (Bstick) per degree of stick rotation. Accordingly,
the sensitivity can be expressed in terms of the linear motion of the
operator's hand by dividing the sangular sensitivity (in inches per radian)
by the moment arm, l.e.,

Kg = 1 inch/6 deg x 57.3 deg/rad x 0.25 inch! = 2.38 inches/inch

For a pure gain controlled slement with gains other than unity, the actual
displacement on the display as a result of a stick digplacement was the
value given above, K' , multiplied by the controlled element eain, K,. In
summaxy, for pure gain controlled elesments:

Ko =1t Ky = 0.167 inches/deg
or K, = 2.38 inches/inch (4 inch moment arm)

K = 0.0754 inches/oz
Ko 1t Kg = 0.167TK, inches/deg
or Ky = 2.%8 K, inches/inch
Ke = 0.0T54K, inches/ow

For frequency-dependent controlled elements Athe dynanics of the con.
trolled element intervene between the stick cutput and the display. The
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deflection sensitivities ,‘ when referred to the d:lsblay a8 a commpon point,
then become dynamic entities. 8o, for a unit step displacement of 1 deg
spylivd to the stick the derlection on the scope will be 0.167 f,"’ (ta/s]
if this convention 1s used.

For convenience and simplicity it is much easier to think of the
deflection sensitivities in terms of the steady-state charecteristics
vhich are ultimmtely approached after a unit stlick deflection. For this
type of desa.iption the appropriate expressions are

Kg = 0.167 [sch(s)] ae0 inches/deg
Kg = 2.38 [slgle(s)] oud) inches/inch
Ke = 0.0754 [ach(s)] and inches/oz

where k is the order of the free s term in Y,

For example, if Yo = Kc/s the deflection sensitivity will be 0.167K,
inches/sec (display)/deg (stick). The expressions above are adequate to
characterize system gains even when the controlled element is unstable,
for although a "stesdy-state" never occurs there is still a definable
"steady-state' component in the response.

Further conversion factors can be defined based on the operator's eye
to scope distance of about 29 inches.

Roll axls aontrol using the stick was acoomplished by grasping the
control handle and exerting lateral force on it, as illustreted in Fig. 2k.

The output of the controlled element (system output), m, was subtracted
from the input foroing function to produce the error signal, e. This
function was displayed to the operstor on the oscilloscope. Beonuse the
watt-hour meters must operate at 60 ops, part of the control loop usel
s 60 ops carrier. The signals from the d.c portion of the loop were fed
to the tape recorder for future processing. The error and pilot's outw
put signals were passed through pre-emphasis networks before recording
in order to incresse the signal-to-nolse ratio on the tape at high
frequencies.

The computation time for the experiment was accurately controlled,
equal to an integral number of periods of the input frequencies. Prior
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%0 the beginning of the computation, 10 to 15 sec were allowed for the
operator to reach a staple tracking condition. Before and after each
experiment, the readings of the wattohour maters wers recorded, From

thess, the cperator's describing function was calculsted at each of the
“input freguencies. e s - :

The Yp data have generally been presented as dimensionless quantities.,
To do this, the describing function bas been defined in terms of the
pilot's output and exrror signals, referred to deflection on the display
(in inches). 8imilarly, the power spectral densities are referred to

the display and are axpressed in units of square inches per redien per
second.

In cases where the power spectral density bas both a contimucus )
portion and discrete lines, the line components are plotted as if the !
total power in the line were distributed over the bandwidth of the mems- o
uring equipment. In this way the integreted spectrum still gives the |
total power, but the peak amplitude shown for the line has no significance.

D. MIASURENENNT TEORNIOQUDS

In processing the data, cross spectra have been computed between the
3 input function and the signal to be analyzed. From these it is possible
] to compute the describing function:

030 (ep)

(b
1e\®p m
Using this technique, the effects of signal components at other frequen-
clies or of a randcm nature are minimized, since these are uncorrelated
with the input and tend to aversge cut. It is possible that the desoribe.
ing function may not be stationary but may exhibit a low frequency time

dependence. In these cases the computed value of !p is an average value
for the length of the experiment.

i e T ot

P

A slight modification has been made to the Yp calouwlation for the
results from the spectral and cross-spectral analyser. BSince the fre-
quenay at which the measursment is mde is set independently of the input
function generator, a slight error in the setting will affect the results.

19
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To eliminate thie, the ratlio of the cross spectrum to the input power
i spectrun Was calowlated for sach slgual, auld thsse swllud were then used
! to caloulate Yp: ' ]

Y 01 (uy) /011 () (48)
; R B10(tn)7%11(a) T
;

‘ The bulk of the describing function date presented in this report has o
| been calculated from the watt«~hour meter results. In certein cases the o
spectral and cross-spectral analyzer results have been usmed; mainly where

the watt-hour meter results were inaccurate due to small signal levels,
Generally, the describing function was calculated from watt-hour meter
measurements of the error signal, e, and pilot's output, c. However,

for many of the controlled elementes that were used, this resultes in rela-
tively inmccurate data st the lowest frequencies. For Yo = Ko/jw or XKo/(Jw)?
the controlled element gain is very large at low frequencies and very

smll at bigh frequencies. As a result, the operator is required to

produce only small control deflections at low frequencies to obtain

large system outputs, m(t). However, at high frequencies he must pro-

duce large output deflections in order to obtain reasomable system

outputs. The power spectrum of the pilot's output, 9.,, then increases

vith frequency, with the major portion of his total output appearing near
the input ocutoff frequency. Conversely, the system output, &, will

be relatively flat at low freguencies and will decrease rapidly above
crossover. Bince it is necessary to sdjust the anslyzer gains to avoid .
saturetion due to the large frequency components present, the very smll ;
components at low frequencies in the pilot's output do not produce
sufficient deflections on the watt-hour meters to obtain acourete ]
results, However, if the system output is used, correspondingly poor
date will be obtained at high frequencies. For most of the measurements
it weas desired to obtain the best possible results near croseover, and
for this reason the pillot's cutput was used in the analysis.
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In certain cases, however, to clear up questions which arose sbout
the low frequency behavior, the analysis was based on the system output.
In particular, there was & strong indioation thet large phase delays
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exist at low frequencies. These have been noted before and generally
ignored (Ref. 34, Fige. 4-24C, for example). Measurement of ¢y, resulted
in too Jow an accuracy to determine if these delaym actually existed or
1P they wera due to meamurement errversz, Thec use or'&m, on the other
hand, provided sufficient accurasy to verlfy their existence.

A similar problen was encountered when maour:ln& ths remmant with
the spectral and cross-apectml analyzer, In this case, the existence of
tape background noise and extraneous noise (such as that from the play-
beck amplifiers) wes sufficiently large to cause large errors at low
frequencies for ¢,, und at high frequencies for Syy. Therefore, the
e meagsurements of @nn and p were based on &y at low frequencies and $,q
at high frequenciles.

R

The inputs used made it necessary to include pre-emphasis of the
error and pilot's output signels before recording to increase the
emplitude of the high frequency components (sbove 4-6 rad/sea) by 20 dh,
Without it, the tape nolse mede it impossibls to obtain éaod. agcuracy
at input frequencies above cutoff, due to the 20-db drop in input eamplie
tudes above this frequency. In addition, the pre-emphacis also increased
the accumcy of the remnant measurements at hlgh frequencies, since it
effectively inoreased the signal-to-noise ratio at the input to the
spectral and aross-spsciral analyrer.

A large portion of the measurement program was based on calculations of
the correlstion cosfficient, p, which can be measured with the spectral and
oross-spectral analyzer. This value provides a means for estimating the
degres of time variation in the operator's transfer function. Hewever, the
bandwidth of the measuring equipment must be considered in determining the
precise meaning of a particular p value. For the spectral and cross-spectrel
analyzer two different bandwidths were used, depending on the spacing of the
input frequencies and the stabllity of the equipment. Generselly, ror low
fraquencies the narrovw bandwidth (Auy = 0.1k red/sec between 3-db points) was
used, wvhile for high frequencies the wide bandwidth (Aup w 0.628 mad/sec) was
used. Bince the pilot's or system's output ia spproximetely the sum of &
line spectrum (linearly correlated with the input) and a rendom continucus
spectrum, the correlated power measursd by the spectrel and cross-spectral

R kD A 15 T B W L AR
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analyzer is independent of bandwidth, while the uncorrelated power is

roughly proportional to bandwidth. Thus, the messursd value of p for

high frequencies (vhere the wide bandwidth i used) would sppear to he

smaller than those for low frequencies (where the marrow bandwidth is

used). To avoid this discrepancy the high frequency values vere aors

rected t0 be mgual to the values that would have heen measured if the

narrow bandwidth had been used, even though they were actunlly measured

with the wide bandwidth. To make this aorrection, the signal-to-noise o

ratio (correlsted to uncorrelated power) at a frequency ay, can be expressed i
¥ as

i
y:
L

2 SACY
7 ) v oy .7 for the narrow bandwidth (49)

)
(1 = a2  Yonlen)og

for the wide bundwidth (50)

However, the ratlo v§/<pm is independent of the memsuring aquipment,
and can be eliminated between the two equationc. This gives

ey _tnged q
G- (- o) 3

or by rearranging

(52)

This equation can be used to culoulate the value of p that would be
measured with the narrow bandwidth, i, fram the value, p,, measured
vith the wide bandwidth, Ams. As a check, several values vere sotually
measured with both bandwidths. The results were as follows:

O VNI SR IR s - S AL S : e e g e R A




VT v MR AR L A G e i

%0'..!'0.0000'4.0"!.‘.0 ]“'29 6017
pp (Wide bandwidth)....... 0.906 0.910
p, (narrow bandwidth)..... 0.,97% 0,072

py (omloulated from pg) ... 0975 0977

The closs agresment between measured and caloulated values of py indicates
the vnudity of the method.

Beveral wathods were used to check the comutiﬂs prooess - computing
the transfer funotion of the known eonﬁrollcd elenment irom weasursd data
and computing the deseribing function by two different methods, The

. controlled element transfer function can be computed either from

Yo = 31'0' (53)

or from

T A

’0-,..7 ‘at low frequencies
Y, = (54)
et high frequencies

el ——— ettt . G BE~

For the types of controlled elements of interest, nelither of these gives
very good results at the extremely low or high freguencies because of
the signal levels dilscussed eurlier. Bimilarly, the operator's describ-
ing function can be found from

. ¢
| : Y1; '6%': at low frequencies
o Yp = o (55)
I ; ia
at high frequencies |
| Te g4 treq -,

or from

(56)
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This eecond method 15 not convenlent for cslculating Yp, but it serves
as a computatioral check, The values of Vp and YoV, ave found from the
first nethod of computing Yp and the theoretical value of Yg» Using

" qomputed values of p and YpY, and Eq 56; the ﬁ?&i‘a-'wgéf'q,-i- aan’ b omlau-

lated from ‘ :

(57)

O
n

This ratio can also be measured, and should agree with the calculated
valur~. Extensive measuremente of this type were made for one of the
runs using @y = 1.5, 1/4" with a Yo = Ko/(Jo)2. The results are shown
in Figs. 25 and 26.
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A. XXPERIMENTAL PLAN

This chapter presents the experimentsl describing function data
obtained to serve as a data base for the val'dation and elasboration of
the anelytical-verbal mwodel. The dats will be presented in various i
aggregations designed to illustrate and illuminate the findings. Each f
set of data taken was an element in s grand design conceived to fulflll
the experimental objectives discussed in Chapter II. These objectives
were sharpened and made concrete as sbeciﬂo experimental conditions by
the pre-experimental analyses of Chapter III. The resulting experimental
matrix is shown in Fig. 2Ta.

v R R i i L | - -

SR

e

In the experiment a total of nine subjects were used. It is obvious
that £illing the boxes in Fig. 27a for K, varistion, ¢y variatiom,
®;4 amplitude variation, and degree of training for each of nine pilots
18 clearly both overly ambitious and not particularly useful. Instead,
the matrix, es indiocated in Fig. 27b, has been selsctively filled in
those particular blocks where the findings would shed the most light
on the over-all model for the pilot. The numbers in the blocks indicate
runs by that pilot for the condition noted.

R~ £ b e AR

Besides using Jjudlcious selection to decrease the magnitude of the
experimental task, major redustions in the amocunt of data required oan
be sccomplished without decreasing the total scope by making maximum
use of available data. BSince an extensive amount of date is available
for Yo = Ko (Ref. 13), it was important to establish consistency with
these data. Then the sete of data generated in the program would be
closely enough related to past work to avoid expensive end time con-
suning repetition. Bminarly, since the range of realistic input ampli-
v tudes was small and past evidence indicated amplitude independence of
the measured describing function over a factor of ten in o4, a linearity ‘
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cheek wne made and theresftar rms input amplitudes were standardized
at a magnitude that was both realistic and trackable for most condi-
tions s o = 1/2"0 7

ST et s o e s ]

The subJjects were two highly experienced civilien engineering test
pllots, six neval test pilots, and one lighte-alrcraft.qualified civil-
isn pllot subjected to extensive training. Thus, by dint of profes.
sional experience and special treining the asubjeats were select members
of an unusually homogeneous group which exhibited high grade skills in
tasks eimilar to those performed in the experimente. The subjects were
briefed on the purposes of the experiments, including the anticipated
ultimte use of the data cbtained in vehicle handling qualities studies,
Their level of interest and cocperation was extremely high. Conse-
quently, by subject selection snd thorough briefing, variablility and

5 performance differences due to population inhomogeneitien or lack of

§
§ motivation were minimiwed. :
r To minimize varlablility due to practice effects, each pilot was
{ trained to a stable level of performance as measured by e2/ of. In

gonersl, this means that at least ten and often twenty trisl runs of ;
two minutes duration with eachb different controlled element were ]
carried out before recorded runs were made with a given controlled
element. Figure 28 is a representetive proficilency curve.

The remaining sections ot this chuptai' are devoted to the describing {
function Aata presentations, The next section aovers the establishmeant
of connectlons with exlsting data, and considers the effect of foroing
function amplitude on the describing function for a oritiocal condition,
The third section treats the variabllity of describing function data by
examining selected date sets which illustrate ihtra- and intersubject
effects. Finally, the fourth section of the chapter presente grand.
average desoribing functions which exhibit the central variations
exsmined in this study-— those caused by controlled element and forging
function changes. This sectlon alsc subjects some important qualitative

' conclusions to statistical examination.
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3. PURE GAIN CONTROLIND RLEMENT AND INPUT AMPLIWDE

In order to tie in with the body of date generated from Y, w Ky » 1 e e
in Ref. 13, s tracking situation es similar as feasible to Elkind's had . -k
to0 be coneidered, Ideally, the tie-in experimerts should be conducted
with foraing funotions and manipulator similar to those to be used in
our other experiments, yet also similar anough to Elkind's to effect a
reasonable connsction. Fortunately Blkind's BS foreing function amounts,
in our notation, to wy = 3.0, 1", so the ay = 2.5, 1" forcing function
wvas thought to provide reasonably close approximation. The lightly
restrained stick manipulator used in our series differs substantially
in form from Eikind's freely moving pencil-like plp tracker, although
the movements in both cases were generally latersl (with more rotation
involved in our series). Yet, in our past work we had been able to
shov ressonable connections with Elkind's data even using an aircraft
genter stick (Ref. 34), so any differences due to the manipulstors were
expected to be slight. Consequently a seriee based on the use of an
w = 2.5, 1" forcing function was planned.

CIART, R e

Three highly trained pilots, Nos. 2, 4, and 6, tracked two runs
each for Yo w Kg = 1, 2, and 9, respectively. The differences between
Yp messurements for successive runé for each pilot were very slight,
and the tvo runs were avereged. These data were, in turn, averaged in
the YpYo form to make then conmparable across Y, values. These averages
X are shown in Fig. 29, with the hash marks indicating the range of the
data, 1.e., the looation of the high and low pilot averages used in the |

three pilot grend averages. Blkind's comparable data for wy = 3.0, 1"
sxre shown for comparison in Fig. 29« These data are aversges of four
‘ four=minute runs, two from one subject and cne run from each of o
@ other subjeots., It is olear from Fig. 29 that the STI-FIL results are
‘ remarkably compatible with the Elkind date. In fact, this extremely
close correspondence between date taken years apart, by different
experimenters at different locations, with different subjects, diffevent
analysis apparatus, and slightly different forcing functions and manipu-
lators, eto., is very satisfylng. On the basls of this most compelling

B T e o
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evidence lt was concluded that extensive measurements with Y, = Ko wore
unmoule.ry and that Elkind's data could and should remsonably be cone
ud..rld L) ‘subset of ours to the cxton'a required in model building and..

R v.r:l.rioation.

Another important item proli.m:l.mry to the m.jor experimental series
relates to the effect of foreing function amplitude. Elkind had demon-
strated (Ref, 13), by means of comparisons at two low frequencies (less
than ay) of the closed-loop desoribing function, Yp/(1 +¥p), that these
cloged-loop measurements are independent of forcing function amplitude
over the range from O.1 to 1 inch rms, This reesult is, of couree, totally
in keeping with what would be expected in a good closed-loop system. Of
much greater interest is the general e¢ffect of forcing function ampli-
tude on ¥pe For reascns of experimental eccnomy one might hope that any
such effect would be small over s reasonable renge, although on other
grounds (e.g., see Table I) it is certain that some amplitude-sensitive
effects are present. COonsequently, in order to examine the appropriate-
ness of the restricted forcing function amplitude values in Fig. 27),

a check of linearity was made for a controlled element, Yo = Ko/(Jw)2,
which is difficult to control and which, on an & priori besis, may possibly
result in signifiocsnt nonlinear controller action. A typical comparison
for one pilot controlling Yo = 10/(Jw)@ is presented in Fig. %0, in which
the sverages for three runs for wy w 1.5, 1/4" and wy = 1.5, 1/2" are
presented for Pilot 8., The comparison wes made with an individusl pilot
rether than an average over pllots so as to accentumte any possible dif-
ferences rether than obsours them by avaraging additional pilots. An
exanination of these data in Fig. 30 makes it clear that there is no
evidence of nonlinear bshavior in the sense of a describing function
variation with o4+ This point will be examined further subsequently

when the output spectrum, 9,q(w), is examined in fine Qetall.

0. VARZABILITY OF DESCRINING FUNOTION DATA

The condition under which the msasuremants of the pilot's desorit’'ww
function and assoclated charecteristics of human control behavior were
made vas that of a highly skilled and highly motivated operstor performing

ol
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a onrafully and tightly dsfined task, The pllots were Lold Lhul
slthough the control end display were only idealizations of flying

© situations, there were almilarities in that the comtvolled elements

could be thought of as being representative of certain airvcraft-like
dynamics in the case of Yo = Ko/Jw, of spmde-vehicle-like dynamics in
the case of Yo = K/ (Jw)e, and of an unstable vehicle in the cases of
Yo = XKo/(Jw ~ 1/T) and Yo = Ko/Ju(Jw = 1/T). The instructions were to
minimize the error and to attempt to do this in the context of their
flying experience,

By confining the tests to this highly motlvated, highly skilled,
carefully selected sample of the population the lntent was to reduce
the effects of population inhomogeneities on the data. Btill, sources
of both intra- and intersubject variabllity exist over and above the
expected variations due to changes in controlled element dynamics and
foreing function characteristics. The nature of' the subjectecentered
variations, for descrlbing functions, will be examined below.

1. Intmepisot Variability-— Run-to-Run and Differential XKy Iffects

. Run-to-run variability. The first intrapllot. variability of
interest is of a run-to-run nature~—~a pilot compared with himself
vhen he tracks the same input successively. '

Tha representative individual run date and the four controlled
elenents used to examine the repeatability of successive runs by the
same pllot may be charscterized as follows:

Fig. No. Pilot Controlled Element

31 8 K/jw: Easiest to control

32 é K/(Jw=2): Unstable, but is easy
to control if the pllot is atten-
tlive

33 8 K/(Jw)2: Difficult to control and
requires considerable practize to
do well

3 8 K/Jo(Jw—1.5)2 Very difficult to

control; momentary lapses of atten-
tion will cause a loss of control
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On examining Figs. 31 =34 we obsarve that all four eontrolled V )
elements indicate considerable run-to-run variation at low r;requonciu.
There 4s much less variation in the mid-hand, which i& in 'the regich of
crossover, and then a bit more at the higher frequencies beyond oromss-
over. This kind of varistion is particularly well displayed in Figs. 3i
and 33. As discussed in Chapter III, this behavior is consistent with
the demands of the ¢losed-loop system. The influence of Yp varlations
on closed-loop system behavior ie relatively emall at low frequencies,
but the behavior of Yp in the region of crossover has a large influence
on closed-loop performance, which is, after all, what the pllot obsérved.

For the unstable elements, Ko/(Jw—2) and Ko/Jo{Jw ~1.5), there is
evidence of constrained behavior throughout the entire measurement range.
This is particularly epparent for both amplitude ratic and phase for
Ko/(d~2), Figs 32, With the very difficult task of Fig. 34, success-
ful. tracking forced a restricted form of gain variation behavior on the
pilot, although the phase variations appear quite large. These occurred
Lecause the task was difficult enough to induce brief periods of loss of
control due to inappropriate variations in temporasl action— literally 3
time-varying phase shifts. These are reflected by phase variebility in §
the measurements,.

In sumary, pilots are capable of extremely high repeatablility where
_ it is necessary, e@.g., at crossover or in the control of an unstable Yq
vhere Yp is rigldly constrained. The extent to which this repeatablility
can be mainteined is a function of frequency (relative to ay) determined
by the form of the controlled element and, near the limits of control
[e.g., Ko/ dw(Jw=1 .5)], a function of the task difficulty.

B
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b. Effect of KXo variation. We have indicated previously that the
form of the controlled element exerts a large influence on the amount
of variability exhiblited by the pilot. Now we can proceed to vary the
paraumeters of the form to determine whether these are the source of the
varintion. This was done for Pilot 8 .for a gain range of 50 to 1 in Ke/Jw
snd a range of 25 to 1 in Kc/(,jm)a, ae shown in Figs. 35 and 3%6. In general,
these data indicate that chengea in controlled element gain are offset
by the pilot, thereby constituting further verificetion of Adjustment
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Rule 5 (Chapter II). There are variations with K., but these are more
or lese rundom end appear to amount to the same thing aB the run-to-run
varistions discussed above. That is, if the dmta are considered only

to be representative of successive runs, then the general trends of
 variability with frequency indicated in Fige, 35 and 36 are very similar
to those present in Fign. 31 and 33. On this basis the conclusion noted
above that repeatability is a function of Yo foxm can be refined to the
statement that the run-to-run variability 4s dependent on Yo/Ke.

. Intersubject Variability

By com.iling data for the most numerous subject situations the lmpact
of subjects on the variabllity of the describing functions can be examined.
This is done in Figs. 37-—U0, where data similar to those in Figs. 31 -3k
are shown but with subjects replacing runs es the key variables. The date
preeented in these figures are obtained by aversging two successive runs
for each pilot, save for Pilot 8 for whom three runs were everaged. Also,
the data base lia mede larger for the two unstable con-rolled elements by’
using all K,'s (Figs. 38 and 40). This procedure is unlikely to introduce
much more variation because the effect of Ko changes are largely offset
by the pilot; but even more drumatic evidence to this end ere the extremely
low ranges spparent in the phage date of Fig. 38, and aleo in the ampli-

" tude ratio dats when the different K, values are taken into account.

Again we notice the same general trends as slready observed for the
run=to=run and Ko intrasubject changes. That is:

a. For Ky/(Jo) end Ko/(Jw)2 feirly wide renges of variation
at frequencies much smaller than or much greater than ug,
and tighter limits on the range in the crossover region.

be For the unstable controlled elements the range of vari-
ation in amplitude ratio acroes the entire frequency
range 18 generally smell.

¢+ There is & rather wide variation in the phase for the
case lnvolving the critically difficult controlled
element Ko/Jw{jw=1:5), Again this is attributed to the time
vardations in behavior implieit in the brief periods in which
control was nearly lost.
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An additional fact, which is most emsily seen in iig. 3y, should
8180 be noted. There ﬂ.n‘p grut deal of indifferent behavior before
“and, urur crouowr, m gmh pnot u.ppnrl £o e’ 1nd:|.r£erent in his
‘own way, Thus 1pdiv:tduai pilots may express their tracking style where
it isn't oriticdl for closed-lodp performance, but everyone behaves
nuri& identically under the hor"as"_crnined conditions.

Lo

D. GNAND-AVERAGY DESCRIBING FUNOTIONS AXD STATISTIOAL ARALYSIS

IR
i

it

1. Describing Funstion Averages

The central aspecte of manual control in this study are the nature .
of pilot adaptation and ocptimalization induced by controlled element i
and/or foreing function changes. The most vital data to show these :
effects are aversges of lYchl b for fixed foreing funetion condi-
tions. Averages of this nature, together with i1¢ bands, are given
in Figs. M, 42, and 43 for Yo = Ko/Ju, Ko/(juw=-2), and Ko/(Jw)2,
regspectively. Parts a, b, and o of these figures correspond to values .
of wy = 1.5, 2.5, and 4.0 rad/sec, respectively. Figure Lk shows a g
similar set for Yo = Ko/Jw(Jo=1/T), ay = 1.5, 1/4"; these are segre-
gated as Parts a, b, ¢, and d corresponding to values of 1/T = 0.0, 0,5,
1.0, and 1.5 rad/sec, reapectively.

ATy S SRR T TR ¢ -
S iR e

v SN o7

e T

The data in Figs. 41 ~44 constitute major findings of the study.
] In Chapter VII they will be extensively analyzed and interpreted. Here
it 1s appropriate only to summerize certain sallent features of these
i figures as data per se in the context of the analytical~verbal model.

One of the most interesting general aspects of the describing function
data ic the tendency for the arplitude ratios to approximate —20 db/decade
slopes throughout the meesurement range. This tendency is adhered to
quite well for the Yo = Ko/Jw and K;/ (Ju)2 data (Figs. M1 and 4i4), whereas
for the unstable controlled elements the tendency is most prevalent only
in the immediate region of crossover. In fact, near the controllability
limite the slope becomes considerably shallower than =20 db/dscade, All
of this is in general sgreement with the pre=-experiment predictions.

TRy
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Another general feature of great interest i1s the universal presence
of low froquency phass lagss ITu elmowi all cases these lagging phases
are not assoclated with emplitude ratic break points within the neesure~
ment band. 8Such bruk points must uccordincly oocur at frequencies
somevhat lower than those in the forcing function. The analytical=verbal
model makes no provieion whatsoever for the low frequency phase lags,
and consequently should be medified to account for their presence.

Bummary open-loop deseribing function data of supreme importance are
crossover frequencies and phase margins. Figure 45a presents crossover
frequency as & function of forcing function bandwidth for the three con-
trollied elements for which wy was a veriable, and Fig. 45b provides the
same information for the variable divergence Yo, @y = 145, 1/4",  Con-
sidering the data and curve reading tolerances, the crossover freguencies
for the three variable~uy controlled elements (Fig. 45a) each appear to
be essentially constent. A fair csse can be made for a slight increase
in we @8 Uy increases, but the maximum deviation from the mean value 1s
less than 5 percent. The most significant deviation from a constant
croseover occurs for Yo = Ko/ (Jw)e where the uy = 4 point has regressed.
All of these data are in substantiel accord with two of the uy invari-
ance properties, Adjustment Rules 5b and ¢, and hence offer direct .
verification and validation for the analytical-verbal model.

The average crossover frequengiees shown in Fig. 4sa for Kc/dm and
Ke/ (Jco)a oceur in the relative order and have values within the probable
ranges predicted in the pre-experiment analyses. The experimentel ws's
are, however, about 20 percent lower than the estirates of the center of
the probable crossover range (see, e.g., Fig. 7).

Phase margin data derivea from Figs. 41 =4l are summsrized in Fig. Lé.
In general, it appears that phase margin increases directly with forcing
function bandwidth. Initially, for small uy's the trend is linear,
rounding off as ay increases. As promised previously, these phase margin
date will result in signifiocant inprovements in Adjustment Rule kb, The
phase murgins for Yo = Ko/Jw(jw — 1/T) shown in Fig. 46b are all very low.
This is due to the smh1l ay (1.5 rad/sec) used for these cases and, for
the higher 1/T values, the marginal controllability. The phase margin and
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crossover (in Fig. 45) shown for this Yo with 1/T = 0 differs slightly
from those for Yo = Kc/ (Jm)e because different populations were used
(see Fig. 27).

SCAEEEE I

8. Statisbiosl Ocupariscns of the Date

Although the nature of this investigation wes such that detailed
statistical corpariscns of data were not indicated in general, aggregatlons
such as those shown in Figs. 41 and L3 for Yp = K./jwand Yp = Ke/ (Ju)2
conteining between 15 and 21 individual runs meke some simple stetistical
comparisons femsible. While the numbers in the sample a~2 such ag to be
on the rasged edge for the applicability of wmall semple statistics, the
following assessments can be made for the aggregated data:

a. Are the phase and db amplitude data for YpYe normally
distributed? I they are normal, and past experience

indicate. that they will be (Refs. 15 and 50), the statisti
cal comperisons of the means can be made more easily.

be. 1s the se"ective varlabllity characteristic of Yp,
vhich is obscured somewhat in the averaged YpY. Satn,
a statistically significant cbservation?

¢, Are the mean values of Y Y, in fact different for
different foreing function uy values?

These questions are examined, in the order stated, below.

The small number of data points mede 1t inadvisable to use a
chi-squared goodneas of fit test to determine whether the distributions
of 4Y¥pYe and IYPYGIdb were Gaussian. Inetead, the data were ccnverted
to standard scores, i.e., u m» (X —X)/0 80 thet they could be sxpressed
in terms of a Gaussian distribution of zero mean and unity svandard devia-
tion. Thease standard values were then aggregated by intervals which were
constant for any one set of runs, and cumulative percentages computed.
The cunmulative values were then plotted against the standard scores on
oumilative probabllity paper. To put the scatter about the desired
straight line in perspective, 95 percent limite for rendom variations
about the desired straight line were calculated for the various sample
sizes used (Ref. 23, Chap. 6). This test of ‘the distribution of prrc|db
was carried out for averaged |Ych| ab data generated with Y, = K¢/Jw and
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Yo = Ko/(Jw)2. Because of the large amount of effort involved, the
vlots were oaloulated at a limited number of input frequanciea which
bracketed the oroseover frequency range. Thesc were uy = 0,99, 2.54,
and 15.B-md/soc. ALl of the 36 &lstributions studied were close to
Gaussian as defined by the 95 percent limita. A typical plot is shown
in Fig. 47. This plot is for wy = 2.3, Yo = Ko/(J0)%, w, = 2.54 rad/sec,
for voth |¥p|,, and ¥ ¥p.

The second question raised above deals with the extent to which the
different variebilities shown in the averaged data as functions of w
(opecifically, the wn's in the foreing function) were statistically
significant effects. To obtain a better appreciation for this ; Bucces-
sive comparisons were made of a§ and of selected frequencies at elther
gide of the crossover frequency with aﬁ values at frequencies bracketing
r.hg crossover frequency [Un " a'yp| db(mn) or U4Yp(%)] . These variances '
wers compared with each cther by the retio of variences of/cf = v2,
also known as the F-test (Ref., 23). The ratio of the larger
varlance, af, to the smaller, ag, was alwvays used. Tables for this
test dependent on N1 and No for various p levels are readily aval 1sble,
The p level,which indicates the probabllity of exceeding the tabulated
v2 values by chance, wae arbltrsrily set at or below the 5 percent
level, Table VI presents the results of comparing the variances for
I'f,,ldband &Y,, for both Yo = Ko/Jw and Ko/(Jw)2, at input frequencies
04157, T+5T7, and 13.8 rad/sec with the variances at each of the six
rrequenoiés from 0.969 to 13.8 rad/sec. Note that each comparison box
is divided into slx segments-— three for IYpl and three for AYP for each
of the three wi values 1.5, 2.5, and 4.0 red/sec.

In the comparisons we note that for the controlled element K/ (,jm)2
in Table VI-b there is significantly more variability in ¥Yp, for both

amplitude matio and phase, at the lower and higher frequencies (uy, = 0.969,

7.57, and 13.8 rod/sec), than there is at the frequencies uy = 2.54 and
4.0% rad/sec which brecket the crossover rdgion. Thus, as we depart
from the region of crossover in either direction, the funnel pattern
of increasing veriability which appears in Figs. 43a, b, und ¢ becomes
evident in the statisticel analysis of Table VI=b as well,
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. TABIE VI
STATTIETICAL ASSESSMNT OF SELECTIVE VARIABIIITY PROPERTY

| Yomu2 | oy 0.969 1449 854 4,03 " 757 13,8
ay 1.5|245[4.0 1.5]245( 4.0 ’
0.157 |
5
| e
5 ’ ’
L 13.8

1
1

~ . Indicetes thet the variance for |Yplg, or #Yp at the frequency uy, indicated }

: ‘ In the column is elsnificantly smaller then the variance for |‘.£p|db or 4Yp H

e )]

i et the frequency ay indicated in the row. i

]

‘ i
: X

T s Tuof| % 1449 2,54 4,03 1457 13.8 :,

1.5|245| %40 1.5]2,5| 4.0
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The picture for Table VI-a 18 not as clear-cut. There is statistical
avidence of more variehilidyr at the ewtvamas then in +the vininity of
crossover, which for Fig. #la, b, and ¢ is from 4 to 5 md/sec, This

" évidence is strong for the phase of Yp and somewhat spotty for the
mgoitude. This finding, of course, reflects the visusl impression one
gets from examining Fig. 41a, b, and c.

The third question relates to the describing function difference as
a function of forcing funution bandwidth, «y. Figures 48 =50 present
the YpY data for Yo = Ko/Jw, Ke/(Jw=2), and Ko/(Jw)® plotted with ay
as a parameter. The Y, = Ko/Jw and Ko/ (Jw)2 data show some minor dif- _
ferences in the amplitude ratio outside the crossover region, and major d
differences in the phase throughout the frequency range. The Ko/(jw-—2)
data show only the phase differences, and even these are much less than
those for the other two controlled elements., A "t" test, using bilateral
P confidence limits since the direction of differences was not assunmed,
ﬂ was performed to determine the statletical slgnificance of apparent
differences in the YpYc means for Y, = Ko/Jw and Kc/(Juﬁa at w = 0,969,
2,54, and 13,8 rad/sec (Ref. 23, Chap. 15). In essence, these test
results indicate that the reasonably large differences between the
curves are, in fact, real effects, whereas the smaller dilferences are not. !

ST - S RO NEETRIAIN SR i
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Finally, the data for Y, = Ks/Jw(jw—1/T) are presented in one plot
with 1/T as a paremeter in Fig. 1.
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Z’f; The describing funetion, Yp » comprises only one part of the quasis
g: .

linear system; the remmant is an equa.ily important component. Both the
magnitude and the form of &;,(w) are of interest— the magnitude for
1ts influence on ¢2 and ;-2, and the form because of the insights 1t may
provide into the detalled nature and sources of the remnant.

e s T e

The remnant, 9nn(w), can be messured directly by meking determinations
of °cc(‘”) at other than forecing function frequencies and over such inter-
vals that the energy in ®,, &t the input frequencies does not contaminate ‘
the measurement. @nn(w) can also be found at foreing function frequencies {
by using measurements of p and ®,, in connection with Eq 6, L.e.,

Opn(@) = [1 = p2()] 0eel) (58)

These methods are compatible and complementary. i

Considered as a nolse injection signal, the point of application of
the remmant can be moved from the pilot's output to other locations in
the loop as long a8 no nonlinear elements are passed in the process. In
other words, the remmant may bhe considered to be injeated at the pilot's
output, input, or scmeplace in between if such pilot nonlinearities as

SRR g e

the indifference threshold ere ignored. Referring to Fig. 12 and denot- i
ing open-locp remnant at & and ¢ injected into the closed-loop as %ne
and &nn,, respectively, the remnant forms are related by

: Onn °nn,|Yp|2 (59) ;
n - Q !
%
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In principle, remnant date could be computed for all the elements
in the syparimental plen showm in Pig. 27. lowever, these ocumputatlions
are both time consuming and expensive, so only a relatively few runs

- were coupletely reduced. Th selection was based on limiting velues of

the relative remnant, p,, and on desired trend-establishing controlled
element and foroing funotion sombinations. p, data are presented in
the Becond section and the results of the selection process are gliven
i+ the third section of this chapter.

The maJjnr contents of the third section are remnant and correlation
coefficient data. The effects of controlled element, controlled element
gain, and foreing function on the remnant date are explored and some
features indicating nonstatlonary behavior as a likely remnant source
are revealed, The fourth and fifth sectione present additional informa-
tion tending to isolate the remnant sources. Amplitude distributions of
signals in the loop are given in the fourth section, with particuwlar
emphasis on those of a non-Gauseian nature. The fifth section presents
fire~grained output power gpectral density messurements intended to
reveal the presence or absence of nonlinear or sampling behavior.

3. MILATIVD RIWANT DADA, o

The relative remnant, g, is a measure of the ratic of .cherent
cutput to total output of the pilot. The velue of p, can range from
negrly zero to nearly one. It grossly reflects nonlinearitlies, non-
stationary behavior, snd effective nolse injectlion, although 1t is not
a measure of any one of these unless the others are negligible. Thus
low values of p, do not necessarily imply nonlinearity, or nonstatlon-
arity, or noise injection— although they do imply that at least one
of these effezctes is present in significant amounts. Py 18 defined by

> o2 j; (Pac = ®nn) o
pa e ] - = ” 1) (&)
Z L te
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Presuming foreing functions made up of sinuscids, this becomes

9B (a)
Py (Pa(‘“n) * -f an(m) ;mT
Yiee} .

where :tcpg(wn) is the amplitude of that portion of the output power specira
linearly correlated with the forcing function at frequency wn: @, can be
computed readily from date derived using elther the watt-hour meter
analyzer or the spectral and cross=spectral analyzer. For dste from

the watt-hour meter analyzer,

(61)

N |y)®
1 2
- - BBy
g » = = = (6a)
? c?
fo o ¥
or, since ®10(ay) -(-1-—-%:&:7 14 () (63)
2
N 0sc(an)
1 icltn 2
z 2 3 = 71 (a‘\’i)
Py = = (k)
e
When the srectral and cress=spectral density analyzer is used, the
appropriate formula is
N ‘Qicla
2 nz..] iii
fa = 3 (65)

Using various of these formulas tHe relative remnant measure, pﬁ, was
computed for elmost all of the data. The results are presented in
Figs. 52 =57 and are discussed below,
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Tt will be recalled from the detallsd sxperlusulual smirix, Fige 270,
that Pilot 8 was used in an extensive exploration of controlled element

@ain effects for Ko/jm and Ko/(Jw)®. Aversged dats (three runs for each K,) -

for this series are shown in Figs. 52 and 53. Pilot 7 was used to investi-
gete at least four ocontrolled element gains for Yo = Kc/Qm for all foro-
ing function bundwidths. Averages (two runs) from this series are also
presented in Pig. 52. In general, Pigs., 52 and 53 indicate a decresse in
ps as controlled element gain is increased. In fact, Pllot 8 demonstrated
one of the very largest (pé ®» 0.81) and one of the smallest (pg = 0.065)
values ¢f relatvive remnant in the entire experimental program in this
Ke/Jo series.

Figures 54 ~5G present individual pilot ps values a8 functions of
foreing function bandwidth for Yo = Ko/dw, Ko/(Ju-2), and K./(Ja)2,
regpectively. All of these values are averaged over two runs except
those for Pilot 8 for whom three runs were used. It is interesting to
note that, mcross the figures, Pilot 6 generally exhibits the highest
Py Values, whereas Pillot I gturdily maintains his position on the lower
side. The exceptionally high values of p, exhibited by Pilot 6 for many
of the conditions noted indicate a close correspondence between his
actions and those of an equivalent constant-coefficient linear system.
Finally, Fig. 5T presents averaged pE date for five pilote in control
of Yo = Ko/dw(Jw=1/T), &y = 1.5, 1/4". For Figs. 5457 the values of
X, for the various cases can be found by reference to Pig. 27.

0. XEMMAND POVER SPROTRAL DENSITINS AND CORREIATION OCKFFICIENIS

From Figs. 52 =57, high, low, and typical conditions as defined by
the average pf wers picked out for further examination. Theee date
were culled to find compatible sets which cculd exhiblt the ranges of
Yo, Ko, 8nd wy of interest in determining the effects of these variables
on remnant. The conditions surviving the selection process are shown
flagged in Figs. 52 =57, Typical single runs were then selected from
the data represented by the flagged polnts. These runs are listed in
Table VII, where each pﬁ shown is for a apecific run.

122

e ARARNNA -as

Re LS T

L T B

é
1
%
*
1
:




Y, o K/l

0z &. APPSR

Qb f———e g o e e — - A g ___._h\_:;r

Kq

Figure 52. Relative Remnant Versus K, for Yo = Ko/Jw
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TABLE VII
CONDITIONS SELECTED FOR DETAILFD ANALYSIS

o ' INFUT oy OPERATOR
0.11 - 50/(Jw)? 245 8
0,65 2/(3w)? 2.5 . 8
0.81 1/3w 2.5 8
0,065 50/ 3w 2.5 8
055 6/w 15 (
0.59 6/ Jw 2.5 T
0.39 6/ Jw 4.0 T
0.3k 2.5/ (302 1.5, 1/4" 5 ]
0434 2.5/JafJw = 1.5) 145, 1/4" 5 j
0.56 5/(Jw = 2) 1.5 3
0.67 5/(Jo = 2) 245 3 ]
0.72 5/(30 = 2) k40 3
0.35 5/ (3w)2 1.5 2
0:50 5/(30)2 2.5 2 3
0.69 5/(jw)2 4.0 2 §

Th

The remnants for these selected runs were measured with the spectmul
and cross-spectral analyzer. To cbtain the best accuracy, the power
spectrum was messured at the pilot's output, €;,, at high frequencies,
and at the controlled element output, ®m, at low frequeucies. The
uncorrelated part of the power spectrum was found by multiplying the
totel power spectrum by (1 -p2). To relate the remnunt as measured at
the controlled element ocutput to the pilot'r output, vhene vaiues were
divided by the squared magnitude of the controllcd element amplitude
ratio,

Skl ERE s

Oy = I_Yl_é (1~ P2)°mn at low fraquencies (66)

Otherwise Eq 58 applies (e.g., at high frequencies).
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Onn 18 the closed-loop remnant referred to the pilot's output. If
the measurement frequency was set to one of the input frequencies, a
relatively high value of p was generally obtained, due to the large con-
tribution of the correlated portion (essentially s line speotrum). -At
f‘requenoiu other than the input fraquencies, the value of p is very
neir:l,y zero, 8o that the remmant is measured directly. Values of the
remant computed at the input frequencies generally fit e smooth curva
through thope measured between input frequencies, indicating the gener.
ally continuous, power spectral density-like (i.e., significant line
spectra absent) nature of the remnant. To indicate the continuous nature
of the remmant power epectral deneity, it will hereafter be denoted as
Pnns Tollowing our previously established convention.

After examining the remnant data in ites closed-loop form ae Qny,
and in the open-loop forms, ‘F’n.nc and Pang which result in equivalent

1 e

§ closed~locp effects, it was found .that the highest degree of similarity
‘g’ among remants for the Table VIT conditions exists if the remnant is

{; viewed as an open-loop quantity injected at ths operator's input, 1i.e.,
¢ 88 Qnn,e This s related to Gny by Eq 59, or

% Y eny®

. b (67)
%]

: The values can be further normalized by dividing by the mean-squared
. value of the imput, af, so that the result has the dimensiona of one
over frequency, (red/sec)™!. Zero db is taken ac 1.0 (rad/sec)”.

The open=loop rel'z;mnts referred to the pilot's input, for the cases
noted in Table VII, constitute the basic data base for considering the
effects of controlled element gain, forcing function bandwidth, and
controlled element form on the remnant. These data are presented in
Figs. 50=65. Associated with each remant plot are the corresponding
acorrelation coefficient, ‘p, values. It will be recalled that valueg of
this parexeter less than one indicate time-varylng behevior over the
meusuﬁmnt run length.
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1. Dffect of Xy Variation

Two sets of data, for Y, = Ko/Jw in Fig. 58 and for Kc,/(,jm)2 in
Pig. %9, 1llustrate the general dependence of opsn=locp remmant referred :
to pilot's input on comtrolled element gain. Remnant increases with
controlled element gain, but the variation is not as extreme as that of
the gain. There are aleo substantial differences in p between the two
controlled elements considered, indicating that the pilot is flustuating
more in the course of a measurement run for Yo = Ko/ (.jw)2 than for
Yo = Ko/ dw.

2. IEffeot of Foroing Function Bandwidth

The effect of foreing function bandwidth on remmant spectral density
and the associated linear correlation is examinod for three different
controlled elements, Yo = 6/jw, 5/(.;](.0)2, end 5/(Ju—-2), in Figs. 60,

61, and 62, respectively, The Y, = 6/jw dute (Fig. 60) indicate an
increese in remnant with increase in foreing function bandwidth.

A correlation coefficient decrease with ay iuncrease 1s also present in
this instance. The closs correspondence of these treads and their
direct cohnection, if time variation is presumed 1o be the dominant
cause of remnant, is a strong indlcetion that Just such time-varying
remnant causes are indeed dominant here.
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The remmants and p values for Pllot 2 in control of Y, = 5/ (.1(1))2
are somevhat different for the three forcing function bandwidths,
although no orderly variation appears tc be present (Fig., 61). The
spread present is probably as indicative of run-to-run variability as
it is of any Pong dependence on the forcing function bandwidth.

Finally, Fige. 62 shows both the open-loop remnant and the correlation
coefficient for the unstable-divergence controlled element, Y, = 5/(jw-2),
to be invariant with forcing function bandwidth.

In summary, the data examined above indicate that the effect of
foroing function bandwldth on the remnant cen vary from minor to none.
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3. Dffest of Controlled Ilement Variebion on Remmant

The Pilot 8 data presented previously in Figs. 58 wud 59 were meen
there to be dependant on contrelled elsment guin for the two comtrolled
elepents considered. To determine the effect of controlled alement per mse,
these data vere averaged for each controlled element, and the averages
obtained are compared in Fig. 63. When data from other pilots are added
to thodie of Pilot 8, as in Fig. 64, it 1s seen that the major effect of

variation on the remmant is as much intersubject as inter-controlled-
element.

An exceptionally interesting and cruclal example of a more substantial
remnant variation due to controlled element changes is showm in Fig. 65.
Here the two limiting cases, 1/T = O and 1.5, for the critical controlled ]
element, Y, = 2.5/ja{jw=1/T), are shown. The remnant for 1/T = O is
considerably lees than that for 1/? = 1.5, while the correlation coeffi-
% olent varies in an opposite fashion. The 1/ = 1.5 eritical case, in
fact, has the lowest correlation coefficlents of the entire experimental
serieg. These low p's indicate a good deal of describing function time
variation in the course of the run. As noted previously, the pllots
were often on the verge of loeing control. It will be recalled from
Fig. 34 that the amplitude ratio was quite tightly held, whereas the
phase exhibited wide run-to-run variations. These data, taken in con-
text with those of Fig. 65, are very strong evidence indeed that
describing functlion time variations are e major remnant contributor.
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D. ANPLITUDE DISTRIDUYIONS OF SIGNALS IN TER LOOP

One can attempt further insights into the origin of the remmant by
exanining the amplitude distribution for o(t) and e(t) for the runs
11sted in Table VII. Since i(t) has e nearly Gaussian distribution, &
non-Gaussian distribution et ¢ or, more unexpectedly, at e would indi-
cates a strong source of nonlinear behavior and a posaible basis for

renmant generation. Tae amplitude distribution functions were examined
as follows. ’

Lot S i R e

The data on the runs listed in Table VII were sampled once per second
for a total of 240 observations for each quantity considered, i.e.,
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either ¢(t) or e(t). The mean and variance were then computed for each
data set. Bince the first eight deciles for the standardiged varisble x/u,
in e normal aistribution are X/o, = 0.2, +0.53, +0.83, and +1.28, multi-

~ Plying these standaxd values by the messured g, and adding the mean value.... -
7 qefines the sctual bounds for all ten deciles. Everything not-included

within x/o, » £1.28 e in the plus or minus last dedile. If the data were
Gaussian, an equal number of date points would be found in each decile.
Because the actual data are not necessarily Gaussian, the subdivisions

. are not necessarlily declle for the actual data. Buch possible differences

between expected and observed values provide the basis for a chi-squared
test (Ref. 23) for goodness of fit. Using this test (for goodness of fit
between expected and observed dats in each decile), at tue 0.05 level
(Ref. 23) eix c(t) distributions and one e(t) distribution were determined
to be non-Gaussian. : )

In order to approximate a probability density function from these
data, bar graphs were created such that the amplitude of each bar was the
relative frequency (pumber of memsured points within the decile divided
by the total number of points) divided by the width of the decile. This
approximate distribution is symmetrical about c/ac w0 or e/oe » 0, and
has eight ampllitude bars since the amplitudes of the last two deciles
become zerc because their widths are infinite.

The amplitude distributions shown in Fige. 66b, £, and g are all
Gaussian as indicated by the chi-squared test —a somewhat surprising
result by the look of the distributions. All figures except Fig. 664
are measurements of o(t); Fig. 664 is the cne e(t) distribution that was
not Gaussisn. The numerical coding ¢n each element of Il::l.g. 66 represents
pllot, controlled element, and a4, in that order.

From visual cbservation of tracking records .and subjects, we can
assert that two kinds of control action are likely to be major causes
of non-Gaussian cutput behavior. One is an occasionsl tendency for
bang=-bang-1like limit-to~limit contrvl activity., The other ies a tendency
to control controlled elemsnts similar to Yo = Ko/(Jw)2 by output pulses
having aress rougbly proportional to the stimulus. Ideallzed bang-bang
action will result in bimodal distrilutions wherein the relative frequeneies
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are large at either extreme. The pulsing hehavior also results in
aistributions with & relatively large proportion of amplitudes near the
fringes, although intermedimte auplitudes are alsc likely to be present.
‘Beverel distributions shown in Pig, 66 are compatible with this pulses .
like o.btiv:l.ty, slthough these distribution plots are at hest only roughly
indicative of possibilities.

Of all the non~Ggsussian output amplitude distributiocna, the strongest
indication of bimodal operetion is shown in Fig. 66 for Pilot 2
[Kc/ (Jm)a, T 1.5]. Further evidence of nonlinear cperation is seen
in the low value for p, of 0.35 for this condition (see Table VII). As
the input cutoff freg..ency is increased, pﬁ becomse larger, 0.50 for
wy = 2.5 and 0,69 for ay = 4,0, At the same time the amplitude distri-
bﬁtion becomes more nearly Gaussian, showing much less tendency for
bimodal behavior (Figs. 66b and ¢). The results of the chi-squared
tests for ay = 2,5 and 4.0 indicated a Gaussian distridbution for
w = 2,5 but not for uy = 4.0, vhich is contrary to what would be
expected, The wider input bandwidth should require a greater number of
small correcticns by the operator, which would force him to exhiblt a
more linear chamrmcteristic., However, the failure of the chi-squared
test to verify the expected behavior in this case is not serious, since
the number of classes on which it was btmsed was small. The chi-squared
test beccmes more sensitive as the number of classes on which it is
based 18 increased. No large difference bhetween the distributions for
ay = 2,5 and 4.0 is evident from Figs. 66b and c.

The effect of controlled element gain on the trecking behavior of
Pilot 8 1s illustreted in Figs. 66e and £ for Ko/(Jw)? end in Figs. 66g
wnd b for Keo/Jo. It is interesting to note that & non-Geussian output
is produced by the operator for the small value of K, when controlling
Ko/(J®)2, and for the large value of X, when controlling Ko/jw. However,
there is a distinet difference in the shape of the dAistributions for
these cases. Figure 66h (K./Jw) indicates some degree of bimodal cpera-
tion, vwhereas Fig. 66f [Ko/ (Jm)e] shows no indication at all. Reference
to the pf values given in Table VII shows a much lower value for large
values of X, for both controlled slements than for small values of Koo
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Thus, while the large values of K, generally result in increwsed remnant,
the amplitude distribution of the remnant does not necessarily become
_ non~Geussian. o

R T ra—

4
r
L

Still another way to investigate remmant sources is bto examine @gq(w)
in great detail. There have been repeated suggestions that the remnant
can be e:qphined. by means of & model which includes certein pronounced’
nonlinearities (e.g:, Raf, 36) or by means ©f a model which includes a
nearly periocdic sampler (Refs. %, 6, and 60). These suggestions, if
fcllowed througi, place requirements on what 18 to be expected in the
spectrum of the operator's output.

TS 4

To some extent the expectations depend on the analytical dsscription
of the foreing function, 1.e,, whether ¢41(w) should be considereld s it -
! really 1s—a sunm of deterministic sinusolds -« or as an equivalent to a
" random process, Either presumption may have merit, depending or the
provlem at hand, and sometimes the results desired are insensitive to
the viewpoint taken. Here, however, a potential conflict does exist—
the type of output power spectrum due to operatom nonlinear or sampling
actions will be quite different, depending on whether the foreing function
spectra are s seriee of lines or continuous 1n nuture. To avold any
such confusion, the only spectral dats examined here will be for single
runs. The appropriate foreing function description will then be as a
series of line spectrs.

e e

WA e 4 e D0

With the line spectrum foreing funotion, nonlinearities in the
operator would be expected to result in output spectrum peaks which are
harmonicelly related to the foreing function frequencies. Constant-rate
sampling on the part of the cperator will alsc tend to produce recurring

peaks and valleys in the output spectrum. If the sampler is preclsely
pericdic at a frequency w,, output spectral lines would be expected at
frequencies uy + mug, m = 0, 1, 8, 3, :».. Blight veriations in sempling
rate over a measurement run would tend to slur the lines into peaks.

A search for peais of either or both natures was undertaken by a
painstaking spectrsl analysis of several cutput spectre from oy up to
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40 rad/sec. Figures 67—69 show a survey conducted for e pure gain
controlled element. Pilcots 2, §, aud 5 were examined for Yo = K, = 1,

5, and 10, respectively. Tuese data show evidence neither for sampling
nor for nonlinear ‘bahavior.

To determine if h:lgher lwola of foreing funoction power st high
frequencles would modify the above results, the forcing function was
changed from the augnented rectangulsr form to & pure rocta.ncular shape
wherein each sinusoid in the foreing function had the mame e,mplitude.
The resulting forcing function spectra are referred to as R1k
(R = rectangular, 14 1ad/sec = approximate bandwidth). Figure 70
indicates that this change in forcing function spectranl shape fails to
evcke any indication of sampling or nonlinear behavior.

Because the pilot sometimes appears to eiert control by means of a
pulsing motion when Yo = K./(Jw)? (e.g., Pilot 2 in Fig. 66), the cutput
spectral density for some of these cases wes examined for conditions
vwhioh might make the presence of output sampling more likely. Figures 71,
T2, and 73 are for Pilote 2, 7, and 8 controlling w = 1.5, 1/2" for
Yo = Ko/(J0)2 with Ko = 5, 5, and 10, respectively, Again there is no
evidence for either sampling or strong nonlinear behavior.

In summary, the evidence presented in this section strongly :Lnd:lcatéu
that nelther periodic sampling nor nonlinear transfer sharacteristics are
dominant remnant sources. Although Section D presented some amplitude .
distribution data tending to support a pulsing type of control action
for certain 1\’3/ (Jw)a‘ cases, this does not apyear to result in substantial
remnant relative to other sources. Bo much for wbat the remnant is fo%.
However, enough data and interpretation have already been presented to
indicate that the major source of remnant is nonstationary behavior
during measurement runs; and to tend to isolate the maj)or kinG of non-
steady activity as a time-varying phase shift,

*Mhe scale 18 such that 1.0 inf/red/sec on the graph is zero db. The
tape nolse level is indicated by a broken J.ino.
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CRAFITER VIZ

- INTERPRITATION AND ANALYTIOAYL APPROXTMATIONS
JOR DISCRINING FUNOTION AND FERFONMANCE DATW

A. INIRODUOTION

The describing function data of Mgs. 41 -Lk contain the quasi-
linear transfer characteristics of the human pilot for the experimental
situations examined., The dependence of the cperator's tranesfer charan-
teristics on th"e forcing function and controlled element task variables
is explicitly revealed by comparisons betwsen these data. For the
experimental conditions coneidered we can qualitatively describe the
trends, features, differences, similarities, eto., exhibited by the data
for and across the severs) conditions. BSuch a qualitative description pro-
vides on a verbal level, with some generalisation, the information explic-
itly exhibited numerically by the data themselves. This procedure has
already beesn used in the chapters presenting the describing function data
and vill bs invoked again later.

Qualitative description, while necessary, does not provide a sufficient
basis Tor the abstractions needed to achieve simplification and gononlﬁ.t.y.
This can best be mccomplished using quantitative models which 4n some
sense or other approximste the actual data. When the experimental results
are approximated by analytical models, the numericel values of the model
parameters serve as gquantitative measures of the experimental data. Then
we aan develop some "laws" of opemtion for the approximate anslytical
models in which the variations in these parameter values exhibit trends
similar £0 those cbserved experimentally. In this wey verbal description |
is reduced to simple quantitatively expressad characterizations. To the
extent that the analytical model approximates the actual data and is
reasonably simple in form, we may obtain much greater insight into the
"laws" which matually govern the cpemmtor's behavior. To achieve this
ond we shall evolve in this chapter some simple analytical mndels for the
data of Figs. 41 =k,

1
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The purposes which the enalytical models are intended to serve
ciude:

1. Characterization of pest cbservations for fixed
experimentsl conditious with simple analytical B =
forme, thereby achieving cconomies in demaription
of the experimental date

2. Quantitative deucription of experimentally observed
trends in terms of analytical relationships between
model parameters and task variables

e e PO WSS s";ﬁﬂ*fmﬁfm

3. Esteblishment of the nasis for a ratlonale which
can be used to better "understand" the ways in
which the pilot behaves as a control system
component

4, Provision of a basis for quantitative extrapolation,

. thereby making possible the prediction of pilot

: . behavior in novel situations
With these purposes in mind, turn next to the possible types of models
which might be used to charecterize the data. Clearly, s highly desir-
able feature would be some form in which & minimum number of parameters
are capable of representing the phenomena selected for ewphasis in that
particular model. Equally important is the desire that the particular
model form be one which is anslytically simple and tractable. These
desires can conceivably conflict with the requirement thet the analyti-
cal model be reasonably descriptive of the data. Fortunﬁtely, both
desires and requirements can be met by using describing function forms

. made up largely of ratios of rational polynomials with the addition of
" @ transport lag (pure time delay) term. The use of such analytical

models for humen operator describing function description has been
extensively discussed and applied elsevwhere (e.g., Refs. 13, 34, and 53)
and, in fact, the existing analytical-verbal model 18 of breeiaely this
nature. Our major task, therefore, im to examine the data presented

: here using such forms rather than to justify the pearticular variety of

form selected.

In the following sections analyticel models shall be derived by
curve-fitting the experimental describing function data. In the process
three basic levels of approximation shell be used. At the first level
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are extremely sirmple models which exhibit charscteristics similar to the
motual date in the crossover region. Tha forma used amount to the oross
over model, i.e., . o I
v, @t

When both @, and 7, ar. allowed to vary, this equation has enough flexi-
bility“'to_ chgrq.o_te.rizle_thevbe.l:l.c crossover region trand__.'_s_ for the Ko/Jw
and .Kq/ (Jw)2 date. With somewhat less accuracy it is also suitable for
the Ka/ (Jwo—2) cases. With this first model the variatioas of paramount
importance are those of 7o and w, with controlled element and forcing

function bandwidth. In the course of the discuselon, Adjustment Rules Mh !

(syetem phase margin) and Sb (g —ay -dependence)_ will be modified.

Modified versions of the crossover model are mors appropriate te
systems involving extensive pilot lead and/or those having eontrolled

element dynamics with break points in the general crossover region. These

include such open-loop describing functions as

TpYe T w') = (69)

for Yo = Ko/(J0)%;
(KpKe) [%’"K—c Jo + 1]e‘ff‘i”
Jo(Jw = 1/T) (70)

Tp¥o

for Y, = Ko/du(Jw = 1/T7); and

—Jure
. !(‘gxtﬁ
YPYB - Jo = 1/1) (71)

for Y, = Ko/(Jw = 1/1). These direct extensions of crossover modals are
the simplest forms possible which are compatible with even a gross char-
acterization of the data over the messurement bandwidth.
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Both the crossover model and its direct extensions fail to nccouﬁ‘a
for the low frequeucy phase lagas. These are handled by refining the

. extended crossover model to imtl.udo A aubtoball incremént to.the low
fraquency phase.

With the extended crossover model, all of the mmjor trends supported
by geveml data pointe over a portion of the measurement bandwidth are
described remsonably well. There are, however, certaln m data
points which require further explanation or which can merve as a basis
for further elaboration. These isclated points occur at the extremes of
the measurement bandwidth, where data variability tends to be largest.
However, for the Y, = Ko/(Jw = 2) case the constraining nature of the
controlled element dynemics acts to keep the variabllity low, so these
data offer admirable possibilities for further elaboration and refine-
ment. This is acconplished using "precision fits" for the data which
support the so-called precision model. This most refined model is the
only one which has a basic form wvhich is not necessarily restricted to
use over only a finite bandwidth, i.e., 1t satisfies vhysical limita.
tions as o approaches zero or Infinity while characterizing the data
excepticnally well over the measurement- band.

The three basic levels of model precision introduced here will be
discussed in the three immediatély following sections. An « final pres
view to help keep things straight for the reader, a t :: - - = - tual
model types are used. These are summarized below v5i: » " .: of the
parameters which are allowed to vary in order to - .2 s« . e given Y,.

Crossover Models

" wc._"wra .

Ych - Jo y Way Te variable (72)
Toe e

Yy, & o X , Te variable (73)
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| Extended Crossover Models
- Mrst Approximation:

¥ | X (;3%%_:_),—30“9 } X, Ty Ty, T varisble (74)
Ssoond Approxisstion: | -
Y, & (iﬁZ:J)e“J(me*“/‘”) } Kp, T, Tr, 7, @ varisble (75)
Precision Model
) e

Q\N,Jmn)[(ﬁ)+ e +1]

The final section of the chapter discusses the mean-squared error
performance memsurs, ocrossover fregquency regression, and related aspects
of the data. In this sevtion the nature of the gain, i.e., crossover
frequency, and phase margin adjustments and their relationships with
aversge performance are explored in terms of the crossover model.

Visual examination of the data shown in Figs. 48=50 indicates that,
to & first order at least, the crossover model discussed in connection
with Eq 10 is likely to have a falr range of applicability. As noted
when it was introduced, the model would appear to be a better descrdpti
of amplitude ratic than of phase charecteristics. Also, the ampi’* ..
rutlo for Yo = Ko/(jw=2) tends to be somewhat flatter than ~20 .. /7 .4
Btill, the elementary crossover mcdel is adequate to describe bay sl
in the orossover region using only u, and 74 as parsmeters.
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order to separete the effects of the two task variables, Yo and ey, s . .

Although the basic YnY, approximate Zorm is the same for all these
dute, the numerical velues of crossover frequency and Te are not. In

perturbation treatment is appropriate. Jor

~Jjurte

a8
Yple = ——m (1)
the crossover frequency im, of course, ay, and the p’haae margin is
7
M = 7= Tele (78)

If vq and up are now divided into two componente, one depending on Yo
alone and the other on uy and Y,, then

w(¥os 1) = g (Yo) + lug(wy, Ye) (19)

Te(Yo) 1) = To(Yy) = av(wy, Yq) (80)

The "o" subscript in Eqs 79 and 80 indicates values taken when uy = O.
Using these equations with the phase margin expression, and assuming
that the product Awedr will be negligible, the phase margin beccumes

By & F - Toog * Goght = Toluy (81)

An important considerstion in carrying this development further is the
value of the phase margin when ay = 0. The phase margin data presented
in Fig. 46a indicate & trend toward zero phase margin as ny decremsea.
Although this trend to the origin can only be demonatreted dlreatly for
wy 40, it 1s w coumon observation thet signmls oirculate throughout the
manual control loop without any foroing function as long as the operator
is in sotive contrel. In the sbsence of other inputs or disturbances,
the presence of these signals implies an on-the.average condition of
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gero phase mergin. So, both the direct and indirect evidence indicates
that phase mrg:ln is zero whon wy is gero. Because up, end 7, are equal,

By dlt:l-ni'eion. 10 ao and T, rnpaotivoly, rar mi .0, then the phase. .

mazgin for this 5. U} becomes. . . e

R R R

or
To = 5:—0 ‘ S o (83)

Equation 83 :I.ndicates that T, and g, are not independent entities, and
that only one need be specified. BSince these quantities are the only

ones in Eqe 79 end 80 which depend on the controlled element dlone, either
g, OF Tg must be used to subsume controlled element differences as repre-
sented in the crossover model 1f Auy, and. At variations with Y, are smll.

When the above tonsiderations are taken into acecount, tl.s phase °
margin expression simplifies to

-¢M :‘-'mcom-'ro.mo (84)

or -
. Byt Tl ,—
Ot = ‘”co . (85)

The nature of the variations of &g and At with wy and controlled element,
and the variation of wgy Or 7o With controlled element, can be explored
using orossover freque.cy and phase margin data extrected from Figs. 48-%0.
These are presented in Table VIII. Inoluded in the table are data for

Yo = Ko tests which are not documsnted in detail in this report although
they are indicated in the experiuvental plan of Fig. 27b. For these tests
only three subjects with a total of six runs per foreing function condi-
tion were available.

The crossover frequency is plotted as a function of ay in Fig. Th.
Thera is & slight increase in a, with ay which, as already noted in
Chapter V, deviates from mean values by only 5 peréent or 8o (with the
exoeption of Yo = Kg). For the purposes of this model we chall consider

147

R PRSI B R i : PANSRET e F o ke

SRR e e b R RS s R




"Ry proaesy

; . —— RIS «..,.‘,_mm....,.uwwr.:m.... i L e s L
i
| §
;)
s
3:) A
? 3 ' o~ e Troname a Kc
s O Ke/jw
: 8 O Ke/(jw)?
! <]
g |
o
g 0 i | | !
o P | 3
Forcing Function Bandwidth , w; (rad/sec)
Figure 7., Variations op Crossover Frequency
: th Foroing Met:gon Bandwidth
i -~ ’
Y
g q 02|
g
§ ia' o K,
( § ‘ 0] Kc/jw
j g or - * D Ke/ljuw)?
| | | |
0
o} | 2 3 4
Forcing Function Bandwidth | w; (rad/sec)
Figure 7, Dependence of Inoremental Mime Delay
on Foreing Tunetion Bandwiatn
148




TABLE VIII-

PHASE MARGINS AND CROSSOVER FREQUENCILE

{wy ® 1.5 raafses %”-}ra.;_ rga/'ne" m:--h.o -r@d/-aée o
Yo | o | @ o
(rad) [(rad/sec)| (rad) [(rad/sec)| (rad) |(rad/sec)
: Ko o | 50 |om | s |om | 67
o Ko/ Jo ok | %.6 | 0.73 | k.7 0.94 5.0
Ko/(Jw=2) | 0351 4.6 0.66 | 5.0 0.70 5.2
Ko/ (J0)2 0.26 | 3.2 0.51 3.3 0.73% | 1.8*

ARy

*Regressive

the aotual varistion indicated by the data. This will change the uy -y
adjustment rule slightly, slthough to a somewhat lower level of approxi.
mation the adjustment rule is adequate as it now stands.

One of the primary purposes of Fig. T4 is to obtain an estimate of
wclo. For Ko/Jw, Ko/ (jo = 2), and Kc/(‘jm)2 this is done by fairing
straight lines through the data and extrepolating to wy = 0. For Y, w Ky
a straight-line extrapolation would result in an wy, less than that for
either Yo = Ko/Jw or Ko/(Jw — 8). Because all of the existing dsts
points for Y, w Ky are larger than those for the other controlled elements
suoh an extrepolation does not eppear warranted, so the Y, .= K, points
are connected with a curve which for low w is roughly parallel to the
curves for the other controlled elements. The uy, and associated 7,
vealues are given in Table IX. This table also contains & recapitula.
tion of the averaged crossover frequency, &, from Fig. 4%a. When Uay
is subtracted from the wy values given in Table VIII, the resulting Auw,
data points coslesce fairly well when plotted versus wi. As can be
appreciated from an examination of Fig. T4, the major deviation from this
is ¥, = Ko, The Ay data appear to be substantially independent of
controlled element, and a linear fit is sdequate (except for the larger

‘e
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mABLE TX

 BUMMARY OF 7o AND ay,,

Ye L o

(sec) (red/sec) (red/sec)

K° 0'53 u‘-a 5-8

b Ke/do 0.3 b b.75

| Ko/ (30 = 1/1) 0.3¢ b ka9

Ko/ (J0)? 0.51 3.0 5.25

w data for Yo = Kq). This is given approximately by

] Sufficient information is now available to computs the incremental
uffective delay, AT, using BEq 85. The result is presented in Fig. 75,
whick shows a remarkable lack of dependence of Ar on ventrolled element.
In the low torcing-function-bandwidth linear renge,

ar(wy) & 0.08ay (8m

This reducticn in effective time delay as foroing function bandwidth is
[ inoreased is the principal factor involved in the phase margin increase.

A very similar result is ohtained if the crossover frequency is presumed
l constant, with & value given hy U,, although the At data points obtained
‘ for wy » 4 red/sec exhibit a wider spread than that shown in Fig. 7.
f

In suzmmry, the basio trends revealed by the simple crossover model
incliie an increase in the phuse margin ap foreing function bandwidth
is increased, which is acoomplished by a reduction of the high freguency
lag characteristics sulsumed in v4. A Szall part of this reduction in
efffective time delay is used to inorsase crossover freguency, although
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this car he acnaidevad s gacond-ordey sffect. Both changes ara in a
direction vhich tends to compensate for the inorease in mean-squared
FroF dus o inoreasss in foralng Tunctioh BARAWIAth-—s topic ceversd
in detail in Section F. Fimslly, in the simple eroasover model the effect
of controlled element is totally given by Ty or, alternatively, by wg,.

0. TED EXTRMDED CROSSOVIR MODEL

The simplified crossover model discussed above 1s deficient in
several respects. First, for the controlled elements with nonzero
poles the open-loop describing function in the region of croesover
tends to be somevhat less than —~20 db/decade. For these cases the
date are better fitted with cpen-locp describing functions which con-
tain the controlled element dynamics explicitly. Seoond, the second-
order controlled slements require lead equalization. This is implioit
in the orossover model, but for more refined models sould be made
explicit. Wher these two mejor deficiencles in the simplified oross-
over model are corrscted, the open-locp describing function models are
adequate to desoribe most of the closed-loop system charecteristics.

i
i

The extreme phase lags at low frequencies usually do not substan-
tially sffeat the olosed-locp uharacteristics because magnitude IYPYQI
18 much greater than unity at the frequencies vhere the lags are present.
However, the ubiquitous nature-of the low frequency phase lags, and
their occasional importance on closed-loop dynamics, demands attention.
This is acoomplished here by adding a catohall increment to the low
frequency phase vhich takes into sccount dynamiocs having amplitude retio
break points below, or in the lowest frequency portion of, the measure-
ment bandwidth. The basis for this approximation derives from consider-
ing that the low frequency phase lag is due to an sgqual number of lags
snd leads baving break points generally below the lower measurement
frequencies. Thus, for M leads and lags ocourring at "/Tlea.di and
1/'1‘1“1 the phase will be

le - ﬁ 'hl.n—‘ Tl.ldj_ - #‘ 'bln-’ ’1‘1“10) (83)
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When all of the break poluts codur Leluw Uhe wewswrement bandwidth, the
phese angle within the measurement bandwidth will be approximetely

‘Mlow - é (’é‘mﬁ:?)i _Iag (g-m;"_‘)i

a1 U IR I ;
@ Jat (Tlua Tlead)s. (&)
&
"
1 1
h - e Swi  Smegme—
where o ;|,§;1 (Th.s Tlud)i (90)

The effective time constant 1/c describes the effect within the messure-

nent band of leads and lags belov mesasurement frequencies. In this sense
it is analogous to Te, Which lumps high frequency phencmana into a simple
lov frequency approximation suitable within the measurement bandwidth.

In the describing function the low frequency term is represented as .-JG:/ ®,

In the following the various open-loop describing funotione are
curve-fitted in two ways which differ only in whether orlnot they include
the low freguency phase correction. To restrict somevhsat the total
number of parameters varied for a given controulled element form, the
crossover frequencies are held to be ilavariant with ay for the Y, = Ko/Jw,
Ko/(dw = 2), and Xy/ (J)2 (with the exception of the regressive w = 4.0)
cases:. The second-order diverging controlled element, KQ/J(D(JCD - 1/1),
situations amount to a specisl set in which ay 1is not constant. Conses
quently, the first three controlled elements and the second-order
diverging oase ars separately treated below as two grand families.

1. Xxtended Orossover Nodels for ¥, = Ko/dw, Xo/(dw - B), and Xo/(J0)®

Examination of the averaged YpY, date of Figs. 48~50 reveals the
following general trendss
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a. Crossover [reyuwidy is ncarly independent of oy (sme .

Fig. U%a) ,
. “Phase mergin is-nearly proportional to - (eee Pig. bGa) . .
0. “The inarementel low tnqunncy phuu lag generally R
increases with ay - ‘ A
Two exceptions to these gcmnls.uﬁionl need to be nocted. One is 'cﬁ\
@y = k.0 regressive case for Y, = lc‘,/(.jm)2 and the other is the ordorins
of the low frequency phase lag for Yo = Ko/jw, where the ¢y = 4.0 condd-
tion has less lag than the other two wy conditiona. With these noted
exceptions, the trends listed are exhlbited by the analytical models.

&, Yg = Kg/dm « The simplest models sre those for Kc/.ja). The
appropriate first and second approximation forms for the analytical

models are: Joor,
L. Bee 0e
Firet spproximation: - Y ¥, = o 7o (1)
3 ;’J (are + afw)
Beacnd approximation: Yp¥, = m (se)

The first approximation model is identical in form to the cromsover
model, except that ¢y is presumed to be the conatant value of Ty, The
genersl sdequacy of these models is graphically illustrated by Fige. Téa
through T6c. The constants are swmarized in Talle X. Note nere that
¥,, which is given by /2@, correspords to the value of Tq that would
be preseut for wy = 0.
_ TABLE X
SUMMARY OF DESCRIBING FUNCTION CONSTANIS FOR Yo = Ko/Jw
'ﬁ'\, = 475 rad/sec } T, = 0.33 sec

Oty
‘“.L m T' @ (wo - T.)
deg rad sea rad/sec gec
1.5 2k 0.4e 0.24 0.1k 0.088
2.5 Le 0.7T> 0.18 o1 0.15
k.o 56 0.98 0.12 0.20 0.2
’53 []
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Second approximetion:

Yp¥e

Piret spproimationi = Yp¥y & =

=Xe

TABLE XI

. ¥Yg = Kg/ (Jo - 2). The first and second approximation analytical
model forms for Yo w Ko/(jw = 2) ere:

;J (Me * °‘i/<°)

-30/2 + 1)M'

where K 1ls the total open-loop D.C. galn. Figurea TTa ﬁhrough Tre 11lue~
trate these fite, which, together with the analytical model dats, are
sumuarized in Table XI.

()

SUMMARY OF DESCRIBING FUNCTION CONSTANTS FOR Yo m Ke/(jm — 2)
B, = 4.9 rad/sec

Ot
T a
! i ¢ K (To = 7e)
deg ™4 sec red/sec sec
1.5 2k.0 0.42 0.1~ 2.65 0.2 0.086
2.5 33.0 0.58 0.13 2.65 0.19 0.12
L.0 39.0 0.68 0.10 2.65 0.18 0.14
For this cese, ¥, will be given by
1 -1 _c
YO B == tan | =
% 2 (%)
0.24 sec

Ae can be appreclated by examining Fig. 77, the extended model 1s guite
adequate to describe all of the data except for the highest and lowest

frequency amplitude retlo polnts for all three ay values.

These dis-

erepancies can be corrected by edding s high frequency lead and some lags
and a low frequency lag-lead, while making appropriete modifications to

Tg ond a.

For instance, o is reduced to zero by edding the low frequency

lag-lead peir (Txjw + 1)/(Txdw + 1) to the describing function form.
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Considerations such as these are used in the next section to develop a
precision model.
0. Yo = Xo/(J)R. The two forms for Yo = Kn/(Jw)2 are:

e~lWte

;«m so/u)

Becond spproximtion:  Yp¥o & (Bo/t0) (mw‘(";;;
w,

(57

“Just a8 with Yo -'vxc/.jrn; “the first ayproximation fits ave sinllar to the

simple crossover model, but with crossover frequency held constant at W.

As a prelude to the final fitting procedure for the second approxi-
mation form, a large number of varlations were used at the low frequancy
end. A comparison of these for the three wj conditions indicated that
an excellent case could be made for a nearly constant T, having a value
of 5 sec or greater. In Figs. T8a through 78c the minimum velue 15 used.
Table XTI summarizes all the data for Y, = Ko/(Jw)? models.

TABLE XTI
SUMMARY OF DESCRIBING FUNCTION CONSTANTS FOR Y, = Ko/(Jw)?
T = 3.2% rad/sec ; Y, w 0.483 sec

At
ay U ™ Te TL ¢ (To ~ )
deg rad red/sec sec
1.5 3,88 16.0 | 0.279 | 0.385 5 0.2 0.098
25 | 32 | 2.5 | o5 03B | 5 0.333 0.148
4.0 1.8 k2.0 | 0.7%3 | 0.260 5 0.533 0.223

4. fSumary Date. The key variations of effective time delay, Te,
with foreing funotion bandwidth, i, are shown in Fig., 79. The trends
shown are genwrally compatible with those that would be exhibited 1f the
simple crossover model date were prasented in s similar way. This can
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Figure 79. Varistions of Effective Time Delays
with Poreing Function Bandwidth
(wy = O points are extrapolations)
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perhaps best be mppreciated by comparing the variation of the incremental
time delay Ifor the sluple crussover model with foraing function bandwidth
shown in Fig. 75 with the similar plot ) Fig, 80, mde for the extended

- 'modeiss The major dirrerincc! bétween thm ltcm from the absence of the
" aqrreotion for erossover frequency inaresse with «f in Pig. 80. In this

respact the simple crossover model results are superior to those of the
extended vérainns. If the decru.ains slope tendency which is especially

_evident for the Kc/ (qu 2) controlled element is to be taken seriously,

an asmtotic lower J.evel for Tg would be indicsted. This would appear
to have a value gomewhere near 0.1 sec or less.

The varlation of the incremental low frequency phase lag measured by @
with foreing function bandwidth ie shown in Fig. 81. Two limiting cases
appear. For the highly constrained Ko/ (jw = 8) condition, o is substanti-
ally independent of forcing function bandwidth. At the other extreme s for
Yo = Ko/ (Jw) & i8 approximately proportional to ay. The simple integrator
controlled element has a trend of a versus «f which ranges between the twe
extremes. The low frequency incrementel phase lag has no precedent in the
existing analytical~verbal model. However, it is necessary to recall that
such terms are not new. They have appeared before and were carefully con-
sldered in Ref. 34 before being thrown out as meJjor effects. At least one
nf these "reusons" (i.e., that the points were inconclusive due to varia-
bility in computational problems) is no longer as strong as it once was.
Other "reasons" such as the relatively inconsequential nature of the low
frequency phase lags in terms of closed-loop charscteristics are atill
pertinent for some controlled elements, but not all.

Both the variation or the lack thereof of the low frequency incremental
phase lag and the effective time delay with foreing function bandwidth are
major experimental facts which must be explained in any adequate model of
the humen operetor. This has been accomplished in another phase of the
research progrem of which this report documents a portion, although it is
beyond our present scope. It turns out that essentially all the variations
noted are compatible with a variable-gain adaptive model of the neuro-
muscular system which, in turn, is genexally compatible with the knowm
physiological cheracteristices of the, same myctem.
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. Extended Orossover Models for Y, = Xo/saldw - 1/1)

. Pamination of Fig. bk and 148 compirieen with the pre-exper:mept f ey
mnvln showvn in Figs. 6 and 9 indicates that » minimm form for the S
open=loop desoribing funetion should be

| KpKo(Tyo + 1)e™I%e

Yu¥
e Ja(3o - 1/1)

(98)

: Sultable parameters can be selected in this form such that the amplitude
ratio is ressonabiy well described over the messurement band, while the
phase 18 accurately characterized only in the region of croasover. In
fact, some of these date absolutely require the low frequenay phase lag
correction in order to be fitted at all well, sven at frequencies near
erossover. Consequently, the more refined second approximetion form,

KpKo (Trdw + 1)ed(wre + a/u)
Jo(Jw = 1/7)

Yp¥g = (99)

I L P TP AP, TN AT + 24 34 Ao

will be used at the outset.

From comparison of the seversl plots it is noted ﬂm}t the major trends

&ré!  a. wy incremses with 1/T (ses Fig. 45b)

b« Fhase margin is genersl very lov and d.ooreues as
1/T increases (see Fig. 46b)

a. The low frequenoy phase lag increases w:l.th'a.n
increase in 1%

As & consequence of the firat of these trends, 74 will decrease as 1/0
increases, up to the point vhere control is lost.

Just as with the Y, = K,/ (J0)2 case, & large number of variations
were tried in fitting the low frequency data. As it turned out, the
lend time constant, Ty, csn be oonsidered independent of 1/T, with a
value of about 5 seo. Then o and Te Will carry the primary variation
with controlled element change. The actual curve fits are given in
Pigs. 82 through 824 and tabulated in Table XIII. The use of o alone to
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approximate cffocfl-whioh are probably due to a low frequency lag-lsad
has & tendency to overestimate the low fresgquency phase lag st the very
lowest frequencies of messurement.

| Pigs. 82c and 82d. The effect oan, of course, be. Qlw.mtcd by ulm
T thE Jag lnd in tnd. of @, i
mmter.

This 1s upeoul.'w noticeable in

th the connquont -.ddi'b:l.on of snother

TABLE XIIX
SUMMARY OF DESCRIBING FUNCTION CONSTANTS
FOR Yo = Ko/Jw(Jw - 1/1), W w15
1/T ay Py T Te o
ral/sec | red/sec deg rad sec sec rad/sec
0.0 3.0 10 017 5 0.37 0.32
0.5 3.4 10 0.17 5 0.53 0.3
1.0 3.7 7 0.12 5 0.31 0.37
1.5 k.0 0 0.0 5 0.29 0.4

As can best be apprecisted by examining Fig. 83, the increase in low
frequency phase lrg sand decremse in effective time delay btehave in essen-
tially & p.rallel fushion ms the controlled elemcnt divergence is incressed.
In fant, it is evident that the sonflict between thn low frequency phase
lag and the high frs juency plr ‘s dsczvase accompanying Te decreases is
the sigrificant factor in the pilot's ability to control diverging oon-
trolled elemants. Here, because of the intimate connection between 7.
and o, the vg decrease can only be effective as long as 1ts effect 1is not
overpowered by the incremental low fraequency phese lag. The source of
the olose tie between tTg and o again involves the deteils of the neurce
musoular subsystem; and hence is again beyond our ourrent socpe.

D. PAEOIBION MODRL

In its most refined version, the extended orossover model given by

Yp - %(;EL%{%%—})._J (M. * q,/a)) (100)
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is sufticient to characterize almost 11l the data for sll the controlled

elements tosted. Exceptions ocour at very low and very high frequenoies. ~

Yoo instance, in the Aiscuseion completed just above, values of o based
on the lower variebillity mid-frequsncy end low frequency dats tend to
overestimate the phase lag at the very lowsst frequencies. Also, for the
Yo » Ko/{Jw — 2) data the very lowest and very highest anplitude ratio
points are not compatible with curve fits using the extended crossover
model alone. These deviaticons between date and model offer opportunities
for wodel extension.

A more subtle defect of the extended croussover model of Eq 100 is the
poselble confuslon resulting when this form is used at frequencies for
which it wae never intended. Neilther of the exponentiasl term's components
can be extrapolated beyond the measurement band without the possibility
of conceptual error. It muet always be remembered that the e—" (e/w) torn
represents lags and leads having break points below or in the lowest
portion of the measurement bandwidth; and similerly that at least part
o the e—Jm"’ includes the low frequency effects of leads and hgs having
breask moints above or !n the higheat regions of the measurenent band.
Thus, extrapolation of Eq 100 either to very low frequencies wnere the
ph.se will tend to minus infinity or to very high frequencies wheve the
axplitude ratio approaches a constant is unwarrented.

The primary in%ent of this section is to take adventage of the
additionsl scope offersd for model extension by the data which are not
quite characterized by the refined crossover models while also removing
the subtle limiting frequency difficulties of the extended form. To do
this a precision model which contalns many more components is formuluted.
Most of these additional components have break points outside the messure-
went bandwidth which muat be estimated by their ~ften small effects within
this band. Consequently, only the lowest variability date avallsable are
appropriate for use ac an initial data base in model elaboration. For
this reason the precision model developments here will use only the
exceptionally low variability date obtained for the highly constraining
Ko/ (Jo =~ 2) controlled element.
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Even with these rather remarkable data, the development of a precision
model can be only academic unless a good deal of additlonal information

- im considered in the model construction process. . When this is d.om, ‘how=

ever, the precision model evolved 48 compatible not cnly with the duta of
‘the current program, but with the other findings introduced into the
structurs as well,

The model development process can best he described as a sequence of

operations, each based on one or more fundamental considerations. Esch

of the steps included ars detailed bhelow.

1. As a minimum to replace the a and to better fit the lowest
frequency emplitude ratio data, a leg~lead form 1s indicated

wherein the lead 1s Just with!n the measurement bend and the lag occurs
at much lower frequencies. Careful consideration of the |Y. |/ data at
low frequencies for the three forclng function cases indicates % these
are nearly identicsl. This feature is also reflected by the values previ.
ously found for a«, which are essentially the same for all three conditions.
Therefore, the lead-lag added will be the game ior all three forcing funce
tion conditione. This very low frequency lag-lead has no amplitude ratio
and negligible phase effoct at the higher frequencies, so the break points
can be determined independently of other parameters. The values selected

are:
"
35+

Tyedo + 1
TgJo + 1 " J—o ‘5‘5+1 (ron

2. Data and interpretations from this and other experimental progrums
have increased our knowledge of the dynamice of the neuromuscular
gystem. As already noted several times, the detalls of there are beyond
the present scope, but two findinge related to the precision model deval.

opment task are:

a. A falrly complete description of the high frequency
neuromusoular system dynamice requiree a third-order
Is_ystem, i.e.,

1
(T 30 + 1) [(%)2 + Ea%“- Jo + 1]

All these terms are shown in Eq 1. Their prgsence there was based

largely on high frequency neuromuscular systém dynanice as revealed
by the dynsmic portion of step response data. More fundamentally,

167

A o Vorn g ) . &
E PSRN Lz “ - Hor o srAne e irpapagc SIS « PRSI by

en




A e = e SR o,

the third-order form constitutes a minimal analytical deseripiioen
of the muscle impulse response.

LU b.... . The effective Q.BWQQHM'!' -System high frequency lag; oo

Lo L By =
Ty 5&& * B : (108)

tends to vary in the seme fashion as c. In this instance, for
Y, = Ko/ (Jo = 2), o is. oonstant with ay. Therefore; Ty will also
be essentially constant.

%,  For the date being considered , the components of the effective
time delay, Te, Will be

2
T 4 eyt ERoD & (rely) - (103)

The pure time delay, T, is due to latenciles in the visual process, delays
due to neural conduction and coding, etec. Accordingly, its value is not
likely to change with forcing function bandwidth. Thus, for these

Yo = Ko/(Jw =~ 2) data the term v + Ty will be independent of the forcing
Junction bandwidth. In Eq 103 this leaves the lead, Ty, which is generally
adjustable, as the likely source for the observed changes in T, with wj.

4,  Minimum values of 1/Ty can be found by considering that:

a. The mid-frequency regions for the |Y,|/K, data are the
rame for'all wy, thereby indicating Prat 1/Ty, influences
only the two highest frequency amplitude ratio data points.

b. Because the neurcmuscular system dynamics do not change
with ay in this particular case, the departure of the

highest frequency amplitude ratio point (w, = 13.8 red/sec) from
the partial amplitude ratio curve fit (which includes the lead,
1y, but excludes the neuromuscular system lage) should be the same
for a.ll three forecing function conditions. With only a small
amount of cut-and-try, lead values can be found which are compati-
ble with these fagtors. These are:

. 1
1.5 13,0 0.077 0.1%56 0.23%
2.5 9.0 0.11M 0.125 0.236
k.0 7.8 * 0.128 0.104 0.232
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#ix phase polnts and two. anplitude matic points.. A unique determintion
- of thege mmﬁurn 18 not to be axpected, but good fits whish ave gens . ¢

o’

Note that v, + Ty 18 “llntil.lly & constant, am is required i
t + Ty 18 to be 1nvar:1.ant with ay. -

effects munt be sstimetad from thelir influence cp about fiyve

erally compatible with associsted data can be found. As a firsh step, -

the pure time delay 4 T, can be astimeted from phyaioloetcul data, Ite S

. eompaonents dnclude:

‘Flash stimulus , shortest pe.th t0 cortex..... o.ou to 0.07 sec

Conduction within the cortex to convergence
center of visual, proprioceptive, and kines-
thetic information to formulate motor output 0.005 sec

Cortex to spinal cord......cvvvevivrseranse 0.01 to 0.015 sec

Spinal cord to periphery (via alpha
mcltoneuronﬂ)voonnuun-u----u..-voo--.o;n-‘-o- 0'005 to 0101 gec

0.06 to 0.10 sec

For the present data a valuas of 0.09 sec shall be used. This is selected
because 1t 1s near the upper ead of the range glven above and, lnoiden.
tally, because it worked somewhst be%ter ‘than other values within this
renge in the ocut-and-try fitting efforts.

6. The residual amplitude ratic mnd phmse left over when the terms
thus far considered are removed from the data are shown in
Fig., 84, Thesé data are to be fitted with .

(T doo + 1) [(ﬁﬁ) 3%“ Jo + 1]

After considerable cut-and-try, representative numerical values were
determined to be

1

(f%’n)[(ﬁé%)ﬂ ale.12 ,jcb+1]

Thesge correlate reasonably well with representative third.order system
approxvimetions which characterize the so-called dynamic portion of the

‘stap response (see Ref. 34) for Yo = Ko.

#Personal communication=—-Dr, (sorge Moore, Aset. Prof. of Physie
olcgy, UCIA Mediocal School.
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Figure 84. Residual Amplitude Ratio and Fhase
Giving High Frequency Neuromuscular System
Charecteristics for Yo = Ko/(Jw = 23
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‘'!he rinml rorms found to fit the three wy cases for Yo = Ko/(Jo = &)

are
(29 db) | 1"%’” '
. <(51.6)‘> ) ngn > 81-“-’3 +1) °~o.09.1u>
P T OY(x0 NI Y \2  2(0.12) _
o () {65 (o) (i) 2532 o]
\(28 db)/ k%sﬂ /

(104)

. tor g = 1.5, 2.5, and 4.0, respectively. The over-all merit of thie

! detalled precision model can be judged from Figs. 856 through 85¢, which
present the data and the yrecision model forms of 5q 104. The general
adequacy of these curve fitas lc exceptionslly good evidence for the exten-
sjon of the génere.l rodel form shown in Eq 1 ‘to that given by

Ty o + 1\ [Trdeo + 1 odun (105
Yy, = (—-“ )(’T ) '_ | (105)
P Kp Tpdw + 1\T§Jo + 1 (dew - ,) [(a-l’;.é)a + ?u-%! Jo + 1]

In this more general model the gain snd equalizaticn terms are identical
to those previously used, whereas the neuromuscular mystem cherscteristics
have been expanded by the sddition of the low friguency lasg--lead.

P

An interesting aspect of the precision model is its reduction of pure
tive delay terms to minimum or near-minimum values, All the high frequency
leads and lage which were previously lumpid into low frequency approxima.
ticne represented by ,'J“"fe have now been removed, leaving only tha bare
bones of a pﬁre time delay which is compatible with that expected on
] physiological grounds,
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D, o mmuou, PIRFORMANCE mw\u, AND 1'. TMJECTORLIS

e e s 1

“In this ‘seotion lomu of 'bht uddm’emn’cl Fétealed by the- délm‘imni
funotion date will be mtiomlind in- terms 6f the Simple horealived
mean=-sQuared-error mndcll d-rivcd in chuptcr III.
1. g Regression

1

The first topic is that of w, regression. This phenomencn was first
noticedin Elkind's rectangular foreing function spectrs data. Moat of
these had open-loop describing function characteristics reasonably com-
patlble with those given in Eq 10, so the normalized mean-squared-error
model of Eq 35 forms an appropriate analytical framework with which to
"explain" these data and the ay regression phenomenon.

L ]

In Table XIV are presented .dau. based on Elkind's original results,
Ref. 13, The normalized mean-squared error is only that component which
has frequencies within the forcing function bendwidth. fhis is a close
approximation to ?f/ of Beceuse the regtangular forcing function spectre
used by Flkind had no power in the region of crossover, the crossover
frequency for the lower foroing function bandwldths was not directly mees-
urable. However, extrapolation of the available low frequency describdbing

TABLE XIV

NORMALIZED MEAN-SQUARED~ERROR DATA
DERIVFD FROM EIKIND'S Y, = 1 EXPERIMENTS

o o2 o 2
FFU?CCI?OGN (rad/nec) -;{ ay |(red/sec) Tow | Toty %E
R.16 1.0 0.0081 7.6 1.57 | 0.8 0.0058
R.24 1.5 0.011 7.6 157 | 0.3 0.013
R.LO 2.5 0.0l 7.6 1.57 | 0.52 0.0%6
R.64 4.0 0.098 7.6 1.57 0.83‘ 0,092
R.96 6.0 0.51 6.% 1.30 | 1.2 0.%
R1.6 10.0 1.16 2.0 ok | 2.07
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function date to the crossover region reveals that the w, was probadly
the same for all of thess cases (this extrepolation was, in fact, the
primary justification for Adjustment Rule 5b). Elkind's B-6 foreing
funotion sfeotre .oan be.used to estimate- 8- Mikely drossover frequency:

for the lower @y date.  This is the basis of the 7.6 red/sec showa for -
R.16 through R.64 (see Fig. 29). The T, corresponding to this orossover
froquenay, when it is coneidered ms an G, is 0.21 sec. The rest of

L the data in Teble XIV follows directly. Figure 86 shows the dats from
Table XIV superimposed on the normslized mean-squared error versus
normalized crossover frequency families. This plot actually involves

: three quantities, i.e., .e?/of, Toty, and Towy (the constant T, 1is a
normelizing paremeter). The actual variation _be:Lng 11lustrated is -e‘-f./o?:
versus ux (normslized ), with wj (normalized) as & parsmeter. The dats
are entered on the plot using the first two as abecissa and ordinate. The
arrow leading from each data point has its head at the appropriate T w,.
Thus, the R.96 data, for inetence, show a normelized mean-squared error of
0.51 versus normelized crossover of 1.30 with the arrowhead touching a
family Ty = 1.24. IFf the arrow lengths were zerc, the experimental date
would coincide precisely with all three parameters of the plot.

- ——

The approximmtely constant crossover, low forcing function bandwidth
data snd the R1.6 large ¢44 bandwidth point all correspond quite closely
‘ 40 the theoretical. The lower wj data are also compatible with mini.

b mization of the mean-squared errnr, whereas the high wy point (R1.6)
illustretes the w, regression. The R.96 data point departs a good deal
from the ideslization. This too is as it should be, for the open-loop
describing function here is transitionary and depearts considerably from
the simple —20 db/decade constant-slope amplitude ratic. This data point
could have besn left off the plot for this remason; instead, it is entered
to indicate how closely the theoretical wy < 0.8we condition is likely

§ to apply.

In the present program only one condition resulted in an w, regression.
This was for Yo = Ko/(Jw)2, wy = 4.0 (see Fig. isa). The idealized mean-
squared-error plot of Fig. 11 (or Fig. 86) is, unfortunately, not as
quantitatively appropriate for the Y, = Ko/(Jw)? data as it is for the
Yo = K, or Kc/.jcn cases because the cpen-loop phase differs drastically

+
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from that presumed in the theoretical caloulatibns. f8t111, the actual
data bear a qualitative reumbla.nco to tha theoretical behavior, f{.e., ty

Qrossover. regueuses when @y apprmhu m- gy value.

\

&  Pexformancs lsasures : A"

In Bection O of Chapter III estinates of the irend of normalized mean
squared error with uwy were mede presuming the ordssover model of B 10.
These estimates can now be comprred with the actual results. The predic-
tions were made in terms of the mean-squared-error component due to the
forcing function alone, 8¢ only that portien will be considered here.

Included in the data for Elkind's Y, = 1 experiments summarized in
Table XIV are predicted memn-squared eriors based on the one-third h.wA
(Eq 37). These predictions are compared with the sotual data in Fig. 87.
The correlation between the theory and experiment indicated in this figure
is quite satisfactory.

Bimilar data based on the Y, = Kc/.ju) geries reported here are presented
in Fig. 88. fThree types of correlations are shown. The first, similar
to that salready shown for Elkind'e data, is with the ocne-third lav. Nor
the second correlation, denoted in Fig. 86 as ;g/uf] scntinuous’ the ideal-
ized data of Fig. 11 are used for the predicted values., The "continuous"
subscript here refers to the continuous nature of the foroing function's
rectangular power spectral dersity used in the calculations leading to
Fig. 11. In the actual experimental mseries the foroing function was come
possd of discrete sinusoids rather than continuous functions. 1mis makes
a small diffarence in the normalized mean.squared-error prediction, as is
shown by the third correlation given in ¥ig., 88, i.e., the aotual normal-
ized mean-squared error compared with :?/ of digsopete’ EAtimates mude on
all three bases coupare favorably with the actual results achisved.

or the £4nal comparison of estimated versus actusl performance
measures, the Yo m Ko/(Ju)? situations shall be examined. Figure 89
presents correlations for this case vhich parallel those given in Fig. 88
for the single-integrator aontrolled element., Here the correlation is by
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no mesns &8 good ag that for the two previous cases examined. The primery
reason for this is the departure of the actusl open-locp phase angle from
... that of the umle orossover model. . To illustrete -the magnitude-of this.
moﬂ'cq-b, caloulations of ef/ oﬂ digorete YOT® Mde in which the phase for
only the highest frequency point within the large amplitude ‘portion of
the foroing function was changed from its acturl value to one coﬁpatible
with the simple crossover model. This solitary modification would change
the ef/ oﬁ] discrete pointe to the locations indicated by the arrowheads in
Fig. 89. These points would be considered very good correlstion indeed,
80 they imply that even the one-third law could be used for the Yo = Ko/ (Jw)2
case with simply-spplied speclal corrections.

The Jdata correlatlions given above show how well the one-third law works
even though the actual foreing function and Yp¥, differ considerably from
the ldealized model on which the lew is besed. This implies that lower
limit values of steady-state performance, i.e., normalized mean-squared
error due to forcing function, can be estimated using extremely simple
idealizations for conditicns where the crossover model is e reasonable
epproximation. The main source of difficulty in such an estimation pro-
cedure 1s in the determination of the crossover frequency. For this task,
the techniques illustrated in Chapter III can be used, with the Tg values
modified to be consonant with the new data of this report. The discussion
b : above has bypassed any probleme of w, estimetion by considering trends
’ only, and by using experimentally determined values of w..

i i R

3. ¢ Trajectories and Phase Margin Adjustment

The connection of performance measures and meen-squared-error minimize-
tion with crossover frequency is but half the story of the crossover model
adjustment. The other parsmeter involved is the adjustment of tTe or its
exact equivalent for the crossover model, the phase margin. An apprecia=
tion for the possible rationele behind this adjustment can be obtained by
consldering Fig. 90, which is a crossplot of Fig. 11. In thls figure the
absclssa is the effective time delay, Te, normalized by the mean crossover
frequency, &+ The families shown are for constant foreing function band-

width, wy, alsc normalized by T,. Thus, the variation being illustrated
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here ie :E/qf versus Te (normalized) with wy (normalized) as a parameter.
On this basis Fig. 90 can be thought of as a section of & hypersurface
for which Fig. 11 is another section. It will be observed that

for spall values of normalized mean.squared error the ay /B, family lines
arenurly horizontal, indicating that normaliszed mean-squared arror is
nearly independent of Ta. This region corresponds to wi/‘E\, values for
which the one-third law is an sdequate approximation to the normasliczed
mean-sguared error. As forcing function bandwidth is increased, the mj_/&,
families tilt toward the left and the mesn-squared error becomes a much
stronger function of the time delay. The minimum mean-squared error,
which always corresponds to Te = 0, becomes a much sharper minimum as

wy /B increases.

For the human controller with random forcing functions, te can never
become zero, but the Te data do show distinet reductions as functions of
wis. The nature of this adjustment in terms of the theoreticel mean-squared
error versus U,Te plot is illustrated by the date superimposed on the theo~
retical gridwork of Fig. 90. The data used for this purpose are for
Yo = Ka/Jo and Ko/(Jw = 2). These cases were selected because they corre-
spond most closely to the simple crossover model. The actual date points
are entered on the plot using the phase margin and 0’1/‘33- The nature of a
linear phase margin varlation with wy is, in these coordinates, indicated
by the @y = 1.3(&1/830) curve shown. A phase margin adjustment of this
kind places sufficient emphasie on phase margin increase with wj to assure
that the system with time delay has a mean-squared error reasonably close
to the physically unrealizable absolute minimum for v = 0. The human oper-
ator approxjmotes this adjustment for wy/@%; € 0.5, but tende to fall off

somewhat for larger values, although phase max3in still incresses.

An alternative view to the same adjustments noted above can be developed
using the sketch of Fig. 91. This figure shows the open-loop and the closed.-
loop error/input transfer functions for a feedback system based on the simple
crossover model., The maximum amplitude ratio of the error/input trensfer
function is very nearly the departure at the break point, which coincides
with the crossover frequensy, un. As noted in the plot, this is a function
of the phase margin alone, and for small phase margins the peak magnitude
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Figure 91. Sketch of Closed-Loop Error/Forcing Function
Transfer Function for Bystem Based on Simple Croesover Model

is approximately equal to the phase margin in db. Now consider a ractengu-
lar forcing function spectrum with bandwidth «j. The resulting system
mean-squared error will be proportional to the area under the crosshatched
portion of the Gie amplitude ratio curve when this is transformed to linear
units and squared. When wy 15 small compared with uy, the actual and
asymptotic |Gialq, curves are nearly coincident. Under these circumstances
any peaking effect at we due to small phase margine has very very little
effect on the mean-squared error. This is the region wherein the one-third
law applies. As wy gets closer to w,, the effect of the amplitude mtio
departure from the asymptotes becomes more significant. Thus, the appro-
priate adjustuent as q/wc becomes larger is for the phase margin to be
increased, thereby decreasing the peak and the positive departure of the
actual curve from the asymptote, and hence the rms error.
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It will be recelled from Chapter II that the primary purposes of the
experimantal series were the validation of the existing analytical-verbal
model and the extension of this model in accuracy and detail. The experi-
mental data analyses and interpretations reported here heve accomplished
these purposes and, in mddition, have revealed many other facets of human
pilot dynamlics. The total effort can be conveniently summarized under
four major headings: (1) The Data in General; (2) Status of the Exist-
ing Analytical-Verbal Describing Funoction Model; (3) Extensions to the
Analytical-Verbal Describing Function Model; (4) Status of Remnant Data.
Conclusions of this program relating to these topics are sumerized in
outline and tabular form below. The ranges of known valldity are restricted,
of course, by the limits inherent in the date and analyses presented earlier.

A. THE DATA IN GENERAL v

{. GUeneral Nature. The data accumulated have shown consistent,
repeatable results vhich can be fitted into and/or extend the general
context of past rosults and theories derived therefrom.

2, T4e-In. The data taken for Y, = 1 are close enough to Elkind's
t0 constitute our tie-in with past date and to enable his data to be
considered as a subset of ours.

3. Quasielinearity. Conventional quasi-linear constant-coefficient
describing function models can Le evolved to characterize the data. The
primayy variables which f£ix the conditions for quasi-linearity in this
study are controlled element and forcing function.

b. o4 Independence, There 1s no evidence of nonlinear dependence of
the describing function measurement on forcing function amplitude.

5. Selsotive Variability. Humen controllers exhibit a remarkable
capacity to suppress all sources of variabllity and to operate with high
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repeatabllity and intersubject uniformity in frequency regions whers it
id pegessary, e.g., &% arossover or over vider frequency bands in the
sontrol of oonditiomny -ub:l.o systems. In o-bhu' fnquunoy btands whcrn

‘ariations i pilat dym.md.cl do not mtarull.y affect nloudaloop per-

formarnce, there is much more intre- and interpilot variability, end
pilots exhibit individusl styles.

6. Normality of Desoribing Function Date. Both amplitude ratio and
phage data appear to be distributed in a Geuselen manner. '

7. 'I’m-Vlryinc Behavior. In general, pilot dynamic characteristics
are regsonably stetionary over the messurement run lengths as indicated
by the typicel p ranges over the maln power portion of the forecing func-
tlon bandwidth given below for «wy = 2.5,

Y. p Range
Ko/ Jw 0.97 — 0.99
Ko/ (Joo = 2) 0.99 -

Ko/(J0)2 ¢ 0.85 — 0.98
Q

a. Belective variability. There is more time variation in
frequency ranges wherein variablility is relatively unimportant to closed-
loop performance than over more cruclal frequency ranges.

b. Tesk ocoplexity, ay. Stationarity decreases as wi increases
(e.g., & change in p from 0.98 to 0.53 as ay changes from 1.5 to 4.0 for
Yo = Ko/Jw). This effect is not so pronounced when the controlled element
1s made more constreining, e.g., Yo = Ko/(Jw =~ 2).

8. Task complexity, Ygq. As the controlled element dynamica
become more difficult 46 control, the time veriation of the pilot's
dynamics inoreases substantially. In this sense, p could conceivably be
used as a messure of task difficulty.
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3. OTATUS OF TED EXISTING (OIRCA 1960)
ANAIXTIOAL~VERBAL DESCRIBING FUROTION MODEBL

1. In ulm_c_»ilt a_._l:_. oa_’.qu. the sgngni depor_i_bigg »tu.t':et:lvon torn

Kpe J<Te(np g0y + 1)
-_ (—T-I.ju: + 1) (Tydw + 1)

Yp (106)

can be suitably adjusted to provide a satisfactory description for cross-
over region characteristics.

P There is striking evlidence that for a variety of foreing func-
tions and controlled elements the slope of YpY, at crossover is

; ~20 db/decade. Under these conditions the model of Eq 106, when teken
§ in company with the controlled element dynamics, reduces to the especially
simple form -
§ Wee dare
?§; Tp¥e = ~—j5— (107)
iy where Wy = W, *+ 0.18ay
9 o
" Te = Tg = 0.08uy (108)
To = n/2uy,

Valuee of T, for conditions other than those tested can be estimated using
; the data given below and interpolation based on the slope of |Yc| ap °ver
3 the likely orosscover regicn.

al¥el g,
Yo d1n o), %o
% (mec)
(db/decade)
Kc o 0‘35
Ko /dw =20 0.36
Ko/ (Ju)° <o 0.52
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s, Por Yo = Xo/jo, Ko/(J)?, Ko/(sw = 2), and Ko/da(Jw = 1/1),
vwhich constitute ecritical experiments for the circa 1960

B leytioamrbul model, the data cbtained support e priori predictions
‘based on this model as t0 Yp form. Pre-experiment estimates of orosss

over freguencles were properly ordered snd reascnably accurate, although
goenerally somevwhat higher than the experimentally determined values,

k. g performance measure trends based on the crossover model for
Yo = K, and Ko/Jw are supported by the experimental data.

s, The essentlally constant crossover frequency for ay < 0.8ayp
and the phenomenon of ay regression for ay > 0.8up can be
explained using the crossover model of Eq 107 and the presumption that
the pilot tende to minimize the mean-squared tracking error.

§. The adjustment rules for the existing analytical-verbel model
are generally adequate, although Adjustment Rules Ub (Paremeter

Adjustoent — system phase mergin) and 5b and 5¢ (@, —ay Independence and
oy Regression) require minor modifications in the nature of refinements
(see below). In terms of the adjustment rules the major impact of the
experimental program has been to validate with concrete data those
"rules" which had previcusly been based primarily on extrapolatione and
rationalization. In this sense all of the rules given in Chapter II,
with the modifications noted below, are now sclidly based on experiment.

0. EXTENSIONS TO TR ANALYTICAL-VEKBAL DESCRIBING FUNCTION MODEL

1. Adjustment Rules
8. Adjustment Rule 4b should now be stated as:

"System phase margin, ¢y, ie directly proportional to
the forcing function bandwidith, for values of wy less than
about 2.0 rad/sec. The strong effect of forcing function
bandwidth on the phase margin 1s esssociated with the variae-
tion of Ty with the same task variable."

. A nev sdjuetment rule, 4ec, should be added:
"Equaligation time constants Ty or Tr, when form selec.
tion requires 1/Tr or 1/Tp << ay, Will be adjusted such that

low frequency response will be essentially insensitive to
slight chunges in Tp or Ty (wy << ap).
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a. Adinatment Bulaa 5h and %2 should now he restatad an

Bh. q,-oé Independence: Bystem crossover frequency depends

1glitly on-foreing function bandwidth for uy< 0.8 tog

(wgg 18 that value of w, adopted for ay << ay).

50. @y RNegression: When wy nears or beoomes greater than
O.Bcuoo s the crossover frequency regresses to values

much lower than weg.

2. low Frequency Phase Iags. A lagging phase angle at iow freguen-
cies appears in ell the data. The general low frequency describing

function form of %g 106 1s not suiteble at the lower frequencies.

To
adequately characterize the date 1t must be modified to
. &e—.j(uxr + a'/w)(TLJ(D + 1)
(Trdw + 1) (Tydw + 1)

The parameter o added here is a "high Irequency" approximetion to low
frequency leads and lags occurring below the measursment bandwidth. In
higher order approximations to the low frequency phase lag, s lag~lead
largely outside the bandwidth of the messurements is usually adequate.
o iucreases roth with ay and with controlled element order, except for
the constraining controlled element, Y, = X./(Jw — 2). Although not
described in this report, the nature of o and its variations can be
explained by properties of the neuromuscular system.

3. InputeAdaptive Neurcmusoular Charecteristios. The first-order
lag, Ty, approximation to the high frequency neuromuscular system dynamics
is input adaptive. Its docrease is ordinarily tne basis for the varia-

tion of Te With wy indicated by Eq 108 [the date for Y, = Ko/(Ju = 2)
are an exception to this statement].

L. Higher Order Neuremusoulsr Iags. The previous strong evidence
for a third-order neuromuscular lag has novw been added to by describing
function messurements. These lags replace essentially all of the residual
previously assigned to a Te or to s v and Ty in more approximate models.
The net effective lag, Ty + 2;N/wN, le essentlelly equal to the first~
order approximation, Ty, and i varisble with wy in a similar fashion.
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8. Residuwl t. The third-<crder neuromuscular system plus e pure
time delsy of sbout 0,09 sec are adequate descriptors of the high fre-

o quency. describing: funetion: datae;: Thé - pure: tm..ﬂellyiﬂﬁf the -same - oo

order of imegnitude as neural delaye in the vieual modality, i.e.,
latencies in the visual process plus condustion delays, ete.

6. Oenersl Descriding Funation Form. The most gereral describing

function model form, replacing Eq 1, is glven by o _
(110)

i} ag} 'J““(?L‘jwﬂ) (’].'ijﬂ) 1
Yp Kpl\':r[ar]e Trjw+1){\Tgdo+1 (TN1,ja)+‘l) l(ﬂg)2+ 2¢n ,jm+1}
| o) *

The major elements of complication introduced in this precision model

are those in the braces. These all arise from the neuromuscular system,
which has both very high and very low frequency effects. For almost all
practical cases Eq 110 can be simplified to Eq 106 or even Eq 107. When
the controlled element is such as to make the systom conditionelly stable,
EqQ 109 should pe used for safety's sake, since the low frequency phase
lag can be important for this kind of system.

D. STATUS OF REMNANT DATA

1. Values of the remnant computed at the forcing function frequen-
cles generally fit a smooth curve through values measured between
and above forcing function frequencies. This indicates that the power
spectral density of the remnant is denerally continuous and that line
spectre indicating periodicities are absent.

2 At very low frequencies the remmant date for a wide variety of
controlled elements coalesce best when all the remnant is
reflected to the piloi's input.

Remnant increases with controlled element gain, with forecing
function bandwidth, and with control order. TFor exireme con-
trolled element forme such as Yg = Ko/Jw(Jw = 1.5) the remnant increases

5
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greatly, primerily because of the pilot's time-varying bebavior indused
7 by his attempts to retain control ovgr this drastically unstable sontrolled
element.

e Sm uvidanaa Tor pulsing’ behvior in-oentrol of" lmno.-o:ucr

} controllad ohmcml 1g prann‘b from output mputum d:l.l'br:l.'bu-

» tionu. These indicate a tendency for the pilot's output to be pulse arean
. roughly proporticnal to the stimulus amplitude.

. Careful examination of the output power spsctral density indicated
no evidence for perlodic sampling or significant nonlinear behavior.

6. Partly by process of elimination and partly by direct evidence,
it eppears that the major source of remnent is nonstationary
pllot behavior, i.e., time-varying components in the effective time delay
and gain. For the second-oxder controlled elements the pulsing nature of
the pilot's output contributes an additional remnant source.
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